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ABSTRACT 
This project addresses the major issues of the modelling of the infiltration process of fibrous 
porous media in resin transfer moulding (RTM), the determination of permeability and 
capillary pressure and validation of the proposed infiltration models with experimental data. 
Fibre reinforcement in RTM processing of polymer composites is considered as a fibrous 
porous medium regarding its infiltration by the polymer resin. Permeability is an important 
property of fibre reinforcement since it controls the infiltration time and the extent of 
infiltration and, as a result, the cost and quality of the composite product. Capillary pressure 
also plays a role in the wetting of fibre yarns and void formation, subject to processing 
conditions. Hence, the determination of permeability and capillary pressure of fibre 
reinforcements is of great significance in RTM. 
In this study different elements of infiltration of porous media were modelled. First, the 
micro-flow was considered. Capillary flow experiments through a single yarn and a woven 
fabric were performed to validate the developed micro-flow models and algorithms. The 
experiments included monitoring of the infiltration process and determination of the 
permeability and capillary pressure. An infiltration model for a single yam and the 
comparison of predictions with experimental data of capillary flow yielded the conclusion 
that the Young-Laplace equation and the Carman-Kozeny equation can be employed for the 
estimation of capillary pressure and permeability of a single fibre yam, respectively. The 
conclusions included suggestions for the values of the empirical parameters of these 
equations, where especially the Kozeny constant took different values for different ranges of 
micro-porosity. 
The next step was to construct a model for the in-plane micro-infiltration through a layer of 
woven fabric. In this, the flow was considered as Darcy's flow through a two-dimensional 
orthogonal network of porous fibre yams, linked at fibrous porous junctions. The model was 
implemented in a computer algorithm where important input parameters were the micro- 
porosity, the micro-permeability and the micro-capillary pressure of a single yam, 
determined by the single fibre yam infiltration models. Three models for the flow split at the 
network junctions were suggested and tested against experimental data of the capillary flow 
infiltration of a woven fabric. The most advanced model for the flow split resulted in 
excellent agreement with the experimental data, both in terms of flow progress and degree of 
saturation of fibre yams near the flow front. 
A combined model for the macro- and micro-infiltration of an assembly of unidirectional 
fibre tows was developed and tested against experimental infiltration data in an RTM set up. 
The flow in the macro-channels was modelled as three-dimensional Poisseuille duct flow 
with a slip boundary condition at the porous channel boundaries. The flow in the fibre tows 
was modelled by Darcy's law. The model resulted in good agreement with the experimental 
data in terms of progress of macro- and micro-flow. Parametric studies followed to study the 
effect of injection pressure and geometrical parameters of the structure of the fibre 
reinforcement on the flow advancement. 
An experimental methodology and corresponding analysis of the experimental data were 
developed to determine both the permeability and capillary pressure of a fibrous porous 
medium in an RTM set-up. This was demonstrated by infiltration experiments for an 
assembly of woven fabrics in an RTM mould at different injection pressures and the analysis 
considered the effects of permeability, capillary pressure and injection pressure. The 
determination of permeability was decoupled from the capillary pressure and it was found 
that the permeability and capillary pressure are independent ti of 
the injection pressure. 
Furthermore, due to this decoupled analysis, the determined permeability does not depend on 
the infiltrating Newtonian fluid. 
ACKNOWLEDGEMENTS 
To God, for His constant presence throughout my life. 
To Dr. C. Lekakou for her invaluable and constant help from the first contact to the 
completion of the PhD, my deepest gratitude. 
To CAPES - Brasilia/Brazil, for the full funding of the PhD degree. 
To Prof. Thomas Bridges for his prompt help with the mathematical development of the 
unidirectional model and Dr. Lu (Department of Chemistry) for assisting with the use of the 
surface tension equipment. 
To the other lecturers of the department, the secretaries, Dave, Phil for his help with the DCA 
analyser, Ed, Umar and Sam. 
To Mike Parker, Reg and other technicians from the Workshop. 
To all the friends I met here: Lam, Marco, Maria-Brazilian, Maria-Greek, Simon - first year; 
Andrea, Anila, Claudia (thanks for everything), Dai, Juli - second year; Abdul, Jo, Maria- 
Greek, Moudar, Paris, Sandra - third year - and Burcu, Nando and Natalie - final months. 
Also, Claudio and family, Dierci and family, Hosiberto, Jose Sandro, Maria Alice, Maria 
Lucia, Ruth, Vanja and Vera for keeping in touch during these years (sorry if I've forgotten 
anyone). 
Saadro Campos Ancico 
To the memory of my father, Gaetano. 
To my mother, Maria, my sister, Carla, and my brother, Enio, 
my brother-in-law, Peo, and my little nephew and godson, Samuel. 
NOMENCLATURE 
a half the width of the macro-channel (m) 
ah slope of the dh/dt versus 1/h curve (m2/s) 
aH, slope of the dw/dt versus 1/w curve (kg2/s) 
A cross-sectional area of the mould cavity normal to the flow direction (m2) 
A, cross-sectional area of the capillary (m2) 
ATf total cross-sectional area occupied by fibre filaments (m2) 
ATv total area of voids in a fibre yarn (m2) 
Ay cross-sectional area of the fibre yarn (m2) 
b half the height of the macro-channel (m) 
bh intercept of the dh/dt versus 1/h curve (m/s) 
b, w intercept of the dw/dt versus 1/w curve (kg/s) 
B auxiliary function 
Ca capillary number 
Ca modified capillary number 
C auxiliary function, equal to C = B cosh ßa 
De equivalent diameter for the different pores (m) 
Df average diameter of a single fibre filament (m) 
err acceptable relative error in the front position at the end of injection 
Ef Young's Modulus (GPa) 
F form factor 
FH, wetting force generated at the solid-liquid interface (N) 
g acceleration of gravity (m/s2) 
g; branch conductance (m3/Pa s) 
G constant pressure gradient in the direction of the positive x-axis, -dP/dx (Pa/m) 
h height of liquid rise (m) 
he equilibrium height (m) 
heq equivalent equilibrium height (m) 
H thickness of the mould cavity (m) 
Hn' height of the flow front (m) 
Hi height of a given junction i (m) 
J Leverett function 
ko shape factor in the Kozeny constant 
Ko Kozeny constant 
Ka empirical parameter 
It filled length in a branch i (m) 
L shortest distance measured along the macroscopic flow direction (m) 
Le effective average path length in the porous medium (m) 
Lh polymer layer thickness, or the effective hydrodynamic thickness, EHT (m) 
Ly given length of a yarn (m) 
n integer number 
N number of filaments per fibre yam 
Nfa number of layers of fabric in the reinforcement 
P pressure (Pa) 
P, capillary pressure (Pa) 
P, normalised capillary pressure (Pa) 
Pc, mia micro axial capillary pressure (Pa) 
Pc, mit micro transverse capillary pressure (Pa) 
Pc, ma macro capillary pressure (Pa) 
Pg gravitational pressure (Pa) 
P; pressure generated by the weight of liquid above a given junction i (Pa) 
P; ai resin pressure at the injection gate (Pa) 
P; aj, max maximum injection pressure (Pa) 
Pi local pressure (Pa) 
P. mechanical pressure (Pa) 
P vacuum pressure (Pa) 
VP pressure gradient (Pa/m) 
Q volumetric flow rate (m3/s) 
Qa volumetric flow rate measured after adsorption (m3/s) 
Q,,, i injection flow rate (m3/s) 
Qma macro flow rate (m3/s) 
Qmia, i micro axial flow rate at a given junction i (m3/s) 
Qmit, i micro transverse flow rate at a given junction i (m3/s) 
Qtot total available flow rate (m3/s) 
Qtransfer flow rate to be transferred from the macro-flow to the micro-flow (m3/s) 
r flow radius (m) 
rif radius of the flow front (m) 
rb major axis length of a yarn of elliptical shape (m) 
ro radius of the circular injection port (m) 
rr radius of the wire of the DuNoüy ring (m) 
rtow radius of tow (m) 
rl minimum radius of rotation of the sample in the centrifuge (m) 
r2 maximum radius of rotation of the sample in the centrifuge (m) 
R effective or average radius of the capillary (m) 
Rb yarn radius (m) 
Reb equivalent radius of the fibre yarn (m) 
Rf filament radius (m) 
Rr radius of the DuNoüy ring (m) 
Rep Reynolds number 
s slope of the x2 versus time curve (m2/s) 
S slope of the is versus (1-V1)31V2fcurve (m) 
SW saturation 
t time (s) 
tfa nominal thickness of fabric (m) 
of time necessary for the fluid to reach a given xff position in the mould (s) 
t99 equilibrium time, required time to reach 99% of the equilibrium height (s) 
T geometric factor for the contact angle 
ü superficial fluid velocity vector 
u superficial velocity or the velocity based on an empty mould cavity (m/s) 
Ub flow velocity at the boundary between macro-channel and fibre tow (m/s) 
ut velocity of the micro flow front, according to Darcy's law (m/s) 
U velocity in a macro-channel (m/s) 
v auxiliary velocity function 
Va maximum packing fibre volume fraction 
Vf fibre volume fraction 
w weight of liquid rise (kg) 
We equilibrium weight (kg) 
wy weight of a given length of yarn (kg) 
WA mass of the crucible and the sample - before bum-off (kg) 
WB mass of the crucible (kg) 
We mass of the crucible and the glass-fibres after burn-off (kg) 
x length in the streamwise direction (m) 
xff position of the flow front (m) 
Xma position of the macro flow-front (m) 
xmia position of the micro flow-front (m) 
xmin minimum injected length (m) 
Y" second derivative of an auxiliary function Y 
Z" second derivative of an auxiliary function Z 
Greek Symbols 
a empirical parameter related to the partial-slip boundary condition 
ae, i parameter defining the ratio of axial to total flow rate at a junction i 
CcLi parameter defining the ratio of transverse to total flow rate at a junction i 
ß constant defined as (32 = Y"/Y =- Z"/Z 
dy/dt shear rate (s"1) 
St time range during which the flow front position is actually measured (s) 
E overall porosity of the reinforcing preform 
Efa porosity of a layer of plain-woven fabric 
Ema macro-porosity 
Em; micro-porosity 
Ey porosity of the fibre yam 
0 contact angle between the liquid and the solid 
[K] permeability tensor, a3x3 matrix 
Ka medium reduced permeability due to a surface bound polymer layer (m2) 
Kapp global apparent permeability (m) 
Kma macro-permeability (m) 
Km; a micro axial permeability (m) 
Kmjt micro transverse permeability (m2) 
µ fluid viscosity (Pa s) 
v interstitial velocity, macro-pore or bulk flow front velocity (m/s) WE 
7C Greek constant, equal to 3.141592 
p density of the fluid (kg/m3) 
Pa areal density of fibre reinforcements (kg/m2) 
Pf density of fibre (kg/m3) 
Pgiass density of E-glass fibre, equal to 2560 kg/m3 
Pm density of the epoxy matrix (kg/m3) 
acv or a surface tension of the liquid-vapour interface (Pa m) 
as!. surface tension of the solid-liquid interface (Pa m) 
asv surface tension of the solid-vapour interface (Pa m) 
arf tensile Strength (MPa) 
shear stress (N/m2) 
perimeter of the cylindrical capillary tube, 2nr, (m) 
perimeter of the fibre filament, 2itrf, (m) 
cp angle rotation of a x' - y' co-ordinate system 
W rotation speed of the centrifuge (rpm) 
ALLOW length of individual tow being impregnated in numerical control volume (m) 
ANto,, number of tows in numerical control volume 
OP fluid pressure drop over the specimen (Pa) 
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CHAPTER I 
INTRODUCTION 
jtý "I 
CAPE S 
Chapter I- Introduction 
1.1 COMPOSITE MATERIALS 
This study is related to resin transfer moulding (RTM) which is a processing technique for 
the manufacture of polymer composites. Hence, the first task is to introduce the composite 
materials. 
Although there is no universally accepted definition about what is a composite material, it 
can be stated that a composite consists of two or more materials, intrinsically insoluble in 
each other, with different shapes and/or constitutions. The constituents have to be present in 
reasonable proportions and a man-made, or synthetic, composite is usually produced by 
intimately mixing and combining the constituents by various means. This latter definition 
means that, for instance, although alloys have a two-phase micro-structure which is produced 
by solidification from a homogeneous melt, or by subsequent heat treatment whilst solid, 
they are not usually considered as composite materials (Mathews and Rawlings, 1994). 
The formed composite material is supposed to have superior properties than the constituents 
acting isolated or is expected to combine them in a way that the final material is more 
appropriate to a determined final use. In fact, most composites are designed to exploit an 
improvement in mechanical properties. 
The chemically distinct phases are separated, on a microscopic scale, by a distinct interface. 
The interfacial bond strength has to be sufficient for load to be efficiently transferred from 
the matrix to the fibres. On the other hand, if the composite is also to be tough, the interface 
must allow toughening mechanisms such as debonding and fibre pull-out to take place. 
Sometimes, the interphase becomes an additional phase, due to chemical or other effects 
between the two main phases. 
Generically, a composite consists of: 
Reinforcement or structural constituent: frequently, harder, stronger and stiffer than the 
matrix; also, this is usually a discontinuous phase (either fibrous or particulate), with at least 
one of the dimensions small (1 - 500 µm). 
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An important property of the fibrous reinforcement is the ratio of its length to the cross- 
sectional dimension, or aspect ratio. A continuous fibre reinforced composite is a single layer 
made of long fibres, with high aspect ratios, whilst a discontinuous fibre composite is 
fabricated using short fibres of low aspect ratio. If the fibres are distributed in a preferred 
single direction, the composite is termed unidirectional. 
Unidirectional layers, also called plies or lamina, can be stacked together giving rise to 
another category of fibre reinforced composites, a multi-layered laminate. Between 4 to 40 
layers, in a specified sequence, are usually employed in order to reinforce different preferred 
orientations. 
Matrix: A weaker, continuous phase, usually present in greater quantity. The matrix may be 
polymeric, metallic or ceramic. Polymers are usually regarded as having low strengths and 
Young's moduli, ceramics are strong, stiff and brittle and metals have intermediate properties 
along with good ductility. Reinforcements and matrices will be separately discussed later in 
this chapter. 
The properties of the composite will depend not only on the properties of the constituents but 
also, the geometry (shape and size), orientation and distribution of phases, together with the 
phase volume fraction (ratio of volume occupied by a single phase to the volume occupied by 
the composite), this being regarded as the single most important and easily controllable 
manufacturing parameter influencing the properties of the composite. 
There are two other important issues regarding composites: 
Homogeneity: Ideally a composite should have a homogeneous, or uniform, distribution of 
the constituents, since heterogeneities reduce those properties that are governed by the 
weakest part of the composite. 
Isotropy: This is governed by the orientation of the reinforcement in the composite. For 
instance a randomly oriented, short-fibre-reinforced composite is expected to be isotropic, 
which means that the elastic properties are independent of direction. An anisotropic 
composite, on the other hand, has an induced orientation of the reinforcement in one or more 
directions. This in turn becomes an advantage since the composite can be tailor-made so that, 
for example, the highest strength direction would be aligned to the maximum service stress. 
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The reinforcing concept of the composite materials can find references as old as ancient 
times, although most of the development of the technology occurred in the past three 
decades. Table 1.1 below, shows a brief history of the usage of composite materials. There 
are also naturally occurring composites, such as bone, mollusc shells and wood, in addition to 
synthetic composites. 
Table 1.1 Historical review of the utilisation of composite materials (Daniel and 
Ishai, 1994) 
Period Material 
Ancient Egypt Straw-reinforced bricks 
Nineteenth century Iron rods to reinforce masonry 
Early twentieth century Asbestos fibres reinforced phenolic resin 
1942 First fibreglass boat, reinforced plastics for aircraft and 
electrical components 
1946-1950s Filament winded materials for missile applications 
Early 1960s First boron and high strength carbon fibres 
1968 Use of boron and carbon fibres in advanced composites for 
aircraft components 
1970 Metal matrix composites, such as boron/aluminium 
1973 Use of aramid (Kevlar®) fibres 
Late 1970s Wide expansion of composites to aircraft, automotive, sporting 
goods and biomedical industries 
The 1980s Significant increase in high modulus fibre utilisation 
Nowadays Emphasis on development of newer metal-matrix, ceramic matrix 
and carbon-carbon (for high temperature applications) composites 
There has been a rapid increase in the production of synthetic composites in the last forty 
years. The main advantages that attracted attention towards composite materials to the 
detriment of the monolithic materials include high strength, high stiffness, long fatigue life, 
low density and adaptability to the intended final use of the structure. The high specific 
strength (strength/density) and specific stiffness (Young modulus/density), the anisotropy and 
heterogeneity of the composites can be considered key features for their successful 
widespread use. Other advantages of composites may include (Eckold, 1994): 
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Corrosion resistance: Another outstanding attribute, particularly those with a polymeric 
matrix. Glass reinforced plastic (GRP) has already been successfully used in acid media, as 
well as alkali, aqueous salt, oxidising agents and organic media. 
Flexibility of manufacture: Regarded as a unique characteristic which allows large, 
complex structures to be fabricated in one piece minimising costs and the need for joints and 
fastenings or machining processes. 
Thermal properties: Components with very low thermal expansion coefficient can be 
manufactured, helping controlling dimensional tolerances. 
Fatigue and wear resistance: Particularly good for carbon composites, where, as wear 
begins, a graphitic layer is formed at the surface. 
Electrical properties: GRP is an excellent electric insulator. 
Finish: Pigments and textures can be easily incorporated into composites. 
Two disadvantages are usually related to composites: 
Lack of ductility: Composites are less 'forgiving' materials than other monolithic materials. 
All loads must be accounted for in the initial design since stress concentrations and peak 
loadings can not be accommodated by redistribution as a result of local yielding. This factor 
is further complicated due to the frequent anisotropy of the part. 
Inspectability: Composite components require inspection over the whole structure as 
opposed to metals, for instance, that may require inspection of welds and joints only. 
1.1.1 REINFORCEMENT MATERIALS 
Reinforcements are used along with matrix systems to improve mechanical properties and 
provide usable components. The reinforcement in a composite can be fibrous, the area of the 
major developments in recent times, or particulate. The fibrous group can be divided into 
natural (e. g. asbestos, cotton, silk, wool, jute, hemp and sisal) and synthetic fibres; while the 
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former are usually cheaper, the latter have better and more homogeneous mechanical 
properties, being therefore preferred for engineering applications. 
The part design is responsible for arranging the reinforcement in the composite in positions 
and orientations such that it is able to contribute efficiently to load-carrying capabilities. 
Besides, fibre damage, misalignment and variations in fibre volume fraction in composites 
can be responsible for a dramatic reduction of strength levels, thus designing should, 
wherever possible, consider the properties of the composite rather than just fibre properties. 
1.1.1.1 SYNTHETIC FIBRES 
There are many different types of synthetic fibres used for reinforcing composites. Table 1.2 
gives a general guide to the properties of different fibres. Synthetic fibres can be further 
divided into organic and inorganic: 
Table 1.2 Typical properties of some synthetic fibres (Mathews and Rawlings, 1994) 
Fibres 
Density 
Pf 
(Mg/m3) 
Young's 
Modulus 
Ef (GPa) 
Tensile 
Strength 
aTf (MPa) 
Failure 
Strain 
(%) 
Ej/pf GT/Pf 
Alumina (FP) 3.90 380 1400 0.4 97.4 359 
Boron 2.65 420 3500 0.8 158.5 1321 
SiC (Nicalon®) 2.60 250 2200 0.9 96.2 846 
E-glass 2.54 70 2200 3.1 27.6 866 
Carbon (HM) 1.86 380 2700 0.7 204.3 1452 
Aramid 
(Kevlar® 49) 
1.45 130 2900 2.5 89.7 2000 
Polyethylene 
(Spectra 1000) 0.97 
172 2964 1.7 177.3 3056 
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Organic fibres: Organic fibres (i. e. Aramid and polyethylene) of good strength and stiffness 
may be produced. On the other hand, due to the marked molecular orientation produced 
during manufacture, the mechanical properties are highly anisotropic, being much poorer in 
the lateral direction and, as a consequence, failure at low stresses under compressive loading 
may occur. 
Inorganic fibres: This class of synthetic fibres is well established and continuous 
development is still leading to enhanced performance. The most common inorganic fibres are 
glass, carbon, alumina, boron and silicon based fibres. 
Glass fibres have higher elongation to failure than carbon and aramid fibres, but lower 
strength and moduli. Since glass fibres were used in the experimental part of this thesis, they 
are discussed in more detail below. 
1.1.1.1.1 GLASS FIBRES 
Glass-fibres are greatly used in structural reinforced plastic applications; Eckold (1994) 
mentions that glass-fibres account for 90% of all reinforcements used in polymer composite 
materials. Although there are different groups of glasses (silica, oxynitride, phosphate and 
halide glasses), only the silica glasses are currently important for composite technology. 
There are different types/grades of silica glasses (see table 1.3) which display particular, 
especially chemical, properties. 
Although the performance of E-glass is satisfactory only in approximately neutral aqueous 
solutions, it has become the most widely used since it provides adequate mechanical 
properties at a relatively low cost. The E-glass fibre is a very low alkali content borosilicate 
glass based on the eutectic in the ternary system CaO-Al203-SiO2, with B203 (-- 8% w/w), 
used to decrease melting temperature, and MgO (; ýe 4.7 % w/w). 
Molten glass (at Pze 1600°C) is extruded from a tank through orifices (typically between 100 - 
800 drawing points) of an electrically heated platinum bushing and rapidly pulled (at a speed 
of around 50 m/s) to draw it to a fibre diameter about 3.25 to 14 µm. Filament diameter is 
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governed by the temperature of the molten glass, the pressure in the reservoir, and the 
diameter of the orifices of the bushing. The linear density of glass fibres is measured in 'tex' - 
grams/kilometre. 
The fibres are cooled with water, sized in a starch-oil emulsion to minimise surface damage 
and gathered together, forming strands, and wound onto a drum. The strands can be chopped 
(CSM - chopped strand mat), wound parallel (roving or ribbon) or twisted (yarn) for weaving 
into a glass-fibre cloth or woven roving (WR). Complex organosilanes are frequently used as 
coupling agents, specific active coatings for protecting the fibre from abrasive damage and 
enhancement of wetting and bonding between fibre and matrix. 
Table 1.3: Particularities of different grades of glass-fibres (Hollaway, 1994) 
Grade Particularity 
A Alkali glass, precursor of glass-fibres, nowadays superseeded 
by E-glass; 
displays poor resistanteto water, acids and alkalis 
AR Also called Z-glass, an alkali resistant glass 
C Chemical (corrosion) resistant glass used 
for surface tissue manufacture; 
it has a lower strength than E-glass 
E Originally developed for their good electrical insulation properties 
E-CR Electrical-corrosion resistant glass 
S Also known as R-glass (Europe), S designates 
higher stiffness and strength; 
mostly used for aerospace applications 
1.1.1.2 ARCHITECTURE OF FIBROUS REINFORCEMENTS 
Apart from fibre strands, used in processes such as filament winding and pultrusion, fibre 
systems can be made in a variety of forms, which have been partially responsible for the 
large growth in the use of glass-fibre reinforcements. Selection of reinforcement is 
determined by the chosen preform manufacturing process. Different forms include 
(Rollaway, 1994): 
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Continuous filament rovings/tows: The most widely available fibre form for advanced 
structural applications. Consist of a variable number of strands of fibres parallel wound, 
without twist, into a pool or'cheese'. 
Discontinuous fibres: This arrangement provides relatively low enhancement of stiffness 
and strength, especially because of a relatively low maximum achievable fibre volume 
fraction, but the resulting laminate can be considered in-plane isotropic. Chopped Strand 
mats (CSM), for instance, consist of chopped fibres (; tý 30 - 50 mm in length) distributed in a 
random manner in a plane and firmly held together via resin binding, which do not affect 
their excellent wet-out characteristics. The binders are usually either based on a polyvinyl 
acetate - PVA - emulsion or a bisphenol polyester powder. CSM is available in a range of 
weights (225 - 900 g/m2), containing 3- 6% binder/weight, usually polyester compatible and 
traditionally used in hand laminating processes. 
Continuous filament mat (CFM): Non-woven reinforcement also called continuous 
filament random mat (CFRM), it finds increasing use in matched-die and resin transfer 
moulding. It consists of randomly deposited, in a swirl-like pattern, multiple layers of 
continuous glass-fibres previously compacted between rollers. 
Advantages of this material over CSM include better and more consistent mechanical 
properties (for equivalent fibre content), improved suitability for thermoforming processes 
and resistance to washing due to interlocking between the continuous fibres which also 
allows the use of lower level of binder. On the other hand, CSM allows higher fibre content 
to be achieved when compared to CFRM. 
Woven fabrics: Reinforcement fibres can be woven using conventional textile machinery to 
produce multi-directional fabrics. There is a wide variety of woven fabrics, prepared either 
from rovings ('heavier' fabrics) or yarns (with a twisting pattern of 20 - 40 turns/m). Woven 
fabrics can have a different number of fibres in warp and weft directions or not (see 
figure 1.1) and the type of weave can also be important regarding processability, for instance 
drapability over a curved surface, and properties of the final produced laminate. Typical 
woven fabrics are: 
Plain weave: The simplest pattern, in which weft (direction across the roll) yarns pass 
alternatively under and over each warp (direction along the roll) yarn, providing good 
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distortion resistance and reproducible laminate thickness. High level of crimp, 
however, can be detrimental to in-plane mechanical properties. 
Twill weave: In a3x1 twill weave, weft yarns pass over one and under three warp 
ends, whilst in a2x2 twill, the weft yarns pass over two and under two warp ends, 
producing a regular diagonal pattern in the fabric (these numbers can be varied). As 
the degree of crimp is lower than for a plain weave, this structure is more tightly 
packed and also provides a greater degree of drapability. 
Satin weave: A fabric where the number of warp ends and weft picks which pass 
over each other before interlacing is greater than with twill weave (lower level of 
interlacing), and always with one crossing thread. Satin fabrics are defined by the 
associated 'harness' which is the number (typically 5 or 8) of warp yams included in 
each repetition of the weave pattern. Satin weave fabrics, therefore, have a high 
superficial density along with excellent drapability, resulting in improved mechanical 
properties of laminates. 
Unidirectional weave: Responsible for obtaining maximum tensile properties in the 
warp direction since the fabric is mostly unidirectional in structure, where warp (non- 
crimp) threads are held together by fine weft threads. 
Non-crimp fabrics (NCF): In these fabrics, fibres are arranged at unidirectional layers of 
different orientations bound together by a monofilament thread (usually polyester, glass, 
aramid or polyamide) arranged in a multi-axial warp knitting process. The stitch pattern may 
be varied to some extent to aid formability of the material. Major advantages include 
improved in-plane mechanical properties and range of fibre orientations. 
Flow enhancement fabrics: These fabrics are aimed at creating effective 'flow channels' 
between fibre bundles, by fibre-tow clustering, in order to improve the impregnation process 
of aligned fibre reinforcements, which is especially important for large parts with a high fibre 
content. The main disadvantage is the potential reduction in mechanical properties caused by 
less uniformity in the fibre distribution. An optimum proportion of flow enhancing fibres 
should be found to balance processability and mechanical properties to an acceptable level 
(Summerscales et al., 1995; Rudd et al., 1997). 
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Surface tissue (or surface veil): A random reinforcement with low areal density (typically 
30 - 100 g/m2) used in liquid composite moulding to provide a high quality surface finish by 
eliminating fibre strike-through and creating a resin rich surface layer. These materials are 
based on either chopped or continuous filaments held together with a binder. 
Combination mats and hybrid fabrics are also available. In combination mats, layers of 
different mats are combined into a fibrous reinforcement, such as a sandwich construction 
consisting of a CSM core (to promote resin flow) with aligned fibre skins (to promote 
mechanical properties). Hybrid fabrics, however, are based on a combination of reinforcing 
fibres into a single layer; a typical example is the combination of carbon fibres (to take up 
compressive loads) and aramid fibres (included to improve impact performance) within a 
single layer of woven fabric. 
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1.1.2 MATRIX SYSTEMS 
Tows or yarns of fibres can not fulfil their structural potential (except for ropes) unless a 
matrix is used to distribute the load to the fibres, provide protection to them and prevent fibre 
buckling under compression. Polymers have low strength and stiffness in comparison with 
metals and ceramics and, therefore, if reinforced, there would be a considerable benefit to be 
gained. Besides, high pressures and high temperatures are not required to process polymer 
matrix composites (PMC), the processing equipment may be simpler and the degradation of 
the reinforcement during manufacture of the composite is less significant for PMC than for 
other matrix materials. These factors were responsible for making polymers the most 
common matrix materials for composites. The main disadvantages of PMCs are their low 
maximum working temperatures, high coefficients of thermal expansion and sensitivity to 
radiation and moisture. 
All three major classes of polymers, namely thermoplastics, thermosets and elastomers, are 
important for the production of PMCs, however most matrices are thermosetting polymers, or 
simply, thermosets. Thermosets comprehend the class of polymers that undergo cure due to 
the formation of permanent strong covalent cross-link bonds in a three-dimensional 
arrangement (network) amongst the polymer chains when exposed to heat and pressure or 
when a curing agent or hardener is added. The strength and hardness of a thermoset, unlike 
thermoplastics, are not affected by temperature (up to a limit when the polymer starts 
degrading) or rate of deformation; besides, thermosets usually possess better mechanical, 
thermal, and chemical properties, along with electrical resistance and dimensional stability. 
Table 1.4 shows typical properties of certain thermosets, namely epoxy, polyester, phenolic 
and polyimide; other usual thermosets include aminos, alkyds and silicones. Since the type of 
resin matrix restricts the suitability of different manufacturing techniques, the matrix, the 
design and the processing method have to be considered concurrently for a determined 
application when selecting a manufacturing technique (Eckold, 1994). 
In the experimental work developed in this thesis, epoxy resins were used when 
manufacturing composites. Epoxies are generally two-part systems consisting of an epoxy 
resin and a hardener (either a amine or anhydride) which, after curing has taken place, 
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display excellent mechanical and electrical properties, dimensional stability (typically 2- 3% 
shrinking), strong adhesive properties, and good resistance to heat and chemicals. Fibre 
reinforced epoxies have excellent mechanical properties and are used in pressure vessels, 
rocket motor casings, tanks, and similar structural components (Kalpakjian, 1997). 
Table 1.4 Typical properties of some thermosets (Mathews and Rawlings, 1994) 
Epoxy Polyester Phenolics Polyimides 
Density (Mg/m3) 1.1-1.4 1.1-1.5 1.3 1.2-1.9 
Young's Modulus (GPa) 2.1-6.0 1.3-4.5 4.4 3.0-3.1 
Tensile Strength (MPa) 35 - 90 45 - 85 50 - 60 80 - 190 
Thermal expansion (10-6 K71) 55 - 110 100 - 200 45 - 110 14 - 90 
Epoxies are generally more expensive and viscous than polyester resins, making 
impregnation more difficult, although generally stiffer, stronger and able to maintain their 
properties to higher service temperatures. Although polyesters are by far the most employed 
resin when producing glass-fibre reinforced plastic (GRP), the wide-spread use of epoxies for 
advanced structural applications is usually associated with their superior properties (see 
table 1.5) and the ability to be cured in two or more stages, allowing preforms to be pre- 
impregnated (pre-preg) before being moulded into the final shape and subsequent completion 
of the cure. 
Table 1.5 Comparison of the room temperature properties of unidirectional glass roving 
fibre reinforced epoxy and polyester; fibre content between 50 - 80% VN (Mathews and 
Rawlings, 1994) 
Epoxy Polyester 
Density (Mg/m3) 1.6-2.0 1.6-2.0 
Tensile Modulus (GPa) 30 - 55 12 - 40 
Tensile Strength (MPa) 600 - 1165 140 - 690 
Flexural Strength (MPa) 1000 - 1500 205 - 690 
Compressive Strength (MPa) 150 - 825 140-410 
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1.2 MANUFACTURING METHODS 
Whilst driving factors when considering manufacturing monolithic materials are primarily 
cost effectiveness, the minimisation of scrap, the control of assembly operations and the 
source of standard parts, composite manufacturers have also to consider component 
integration, hybrid combinations of materials and the fact that each process presents 
constraints and characteristics which will directly influence fibre volume fractions and 
their distributions, fibre orientations and details of the laminate lay-up. In fact, Eckold (1994) 
suggests that products of nominally the same form, but manufactured through different routes 
could have very distinct properties. Another distinction between the manufacture of 
composites and conventional metals and bulk polymers is that in the former the final material 
form and the moulding geometry are produced at the same time. 
There is an extensive variety of well-established processing methods available to produce 
polymer matrix composites. These methods range from simple labour intensive methods 
(such as hand lay-up or spray-up), suitable for one-offs, to automated methods for rapidly 
producing large numbers of complex components as shown in figure 1.2 (Mathews and 
Rawlings, 1994). Some of these methods are briefly described below. 
Open mould processes: 
Contact moulding: Used in making products with high surface area-to-thickness ratios, such 
as swimming pools, boats and tub and shower units. This wet, open-mould method, in which 
the reinforcement is impregnated with the resin at the time of the moulding, employs a single 
male or female mould made of materials such as reinforced plastics, wood, or plaster 
(Kalpakjian, 1997). However, only the mould-side surface of the part will be smooth. 
Hand lay-up (also hand laminating or wet lay-up): Perhaps the oldest method of 
fabrication of structural composites, it is still used to produce complex and/or large 
components in small quantities. It requires low capital cost and is very flexible but is 
also very labour intensive, slow and difficult to control, being very dependent upon the 
skill of the operator. In this method, the reinforcement, either woven rovings (WR) or 
chopped strand mat (CSM), is cut and put down to line a mould previously treated with 
a release agent (usually polyvinyl alcohol or liquid wax) and a possible gel coat to 
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provide a decorative and protective surface. The liquid thermosetting resin is mixed by 
hand with a curing agent and applied also by hand with brushes, mohair rollers or 
'squeegees'. On completion of curing, the component is removed from the mould and 
other operations (post-curing or fitting of attachments) may be carried out if required. 
The major disadvantage of this technique is the low fibre volume fraction obtainable 
(typically 20 - 35%) and consequent poor mechanical properties. 
Spray-up (or spray lay-up): Chopped fibres, resin and catalyst are fed into a gun 
which sprays a controlled mixture of components on to a mould prepared in a similar 
way to that for the hand lay-up. The sprayed composite has to be consequently 
consolidated by hand rolling to remove entrapped air and to give a smooth surface 
finish. Although this method can not use continuous fibre reinforcement and the control 
of fibre distribution and thickness depend on the operator, a greater rate of production 
is achieved, being popular for high volume, non-critical products. 
I 
L) Hand 
lay-up 
RTM and developing 
a processes 
Matched-die and 
related processes 
Number of parts -* 
Figure 1.2 Process diagram for the automotive industry 
showing the range of manufacturing variables appropriate for 
different processing methods (Mathews and Rawlings, 1994) 
Filament winding (also hoop or spiral winding): In this process a continuous strand of 
impregnated fibres, or tape, is wound on to a computer-controlled mandrel, so that the fibres 
are oriented in a way to obtain the desired mechanical performance on the finished 
component. The reinforcements are either pre-impregnated or impregnated 'in-situ' by 
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passing them through a polymer bath or over a roller that delivers a metered volume of resin. 
After the resin has cured the mandrel has to be withdrawn, limiting the shape of the 
component to simple hollow shapes (e. g. pressure vessels, tanks, rocket motors, gas bottles 
and pipes). The resin/fibre ratio in this case is controlled by resin viscosity, temperature, fibre 
tension, fibre speed and mechanical arrangement of rollers and supports which guide the fibre 
on to the mandrel. Shell structures made by filament winding are very strong and stiff due to 
their highly reinforced structure. Table 1.6 presents a detailed assessment of costs for 
filament winding along with other manufacturing processes to be discussed later. 
Closed mould processes: 
Bag moulding processes: These methods employ gas pressure to form the component. Some 
of such methods are vacuum bag, autoclave moulding and pressure bag. 
Table 1.6 Comparison of costs and process efficiency of polymer matrix composite 
processes (Mathews and Rawlings, 1994) 
Typical Equipment Mould Product Product Process Process 
cycle time capital capital value per value per efficiency' (£1000) (£) cycle (£) hour (£) 
Compression 3 5000 - 365- 
moulding min 
50 20000 1-5 20-100 1428 
Autoclave 
moulding 
8h 150 1000 10 -100 1.25 - 12 8.3-7.9 
Filament 
winding 
4h 20 - 100 1000 10 -100 2.5 - 25 119 - 250 
Injection 10 - 60 5-10 300- 1-10 6-10 1200- (VAR! ) min 1000 1000 
Pressure 
bag 1h 5 100 - 500 1-4 1-4 200 - 800 
Spray-up 3h 5 100 - 500 5-25 2-8 method 1600 
Hand lay-up 5h -_0 100 - 500 5-25 1 5 10000 method . 
Pultrusion m/ n 50 -100 3/m 90 - 540 
2884 
mi 10000 5400 
e Process efficiency = 
Product value per hour x 106 
Total capital 
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Vacuum bag or vacuum forming: This is the simplest form of the closed-mould 
process. In this method, the heated pre-impregnated reinforcement, which is sealed to 
either a male or female mould by a vacuum-tight flexible plastic sheet or membrane 
covering the whole lay-up, is forced onto the surface of the mould as air is removed 
from the space between the bag and the mould. The vacuum is maintained until the 
curing process has reached completion, but additional rolling on the outside of the bag 
may be necessary to aid consolidation. Complex shapes, including double contours and 
relatively large parts can be manufactured, being indicated if high pressure moulding 
can not be used. Other necessary components in the system include a bleeder cloth (a 
porous fabric to absorb excess resin as the consolidation occurs), release layers and a 
breather cloth (typically perforated nylon, to allow escape of volatiles). 
Pressure bag: Uses pressures in excess of atmospheric (up to 0.35 MPa), but in this 
case a flexible bag is placed over the lay-up on the mould. Inflation of the bag by 
compressed air forces the lay-up into the mould. Faster and/or better curing may be 
achieved by using heated air or steam in the bag. As an autoclave is not required, this 
process is cheaper than the next one and it is used to make high quality components. 
Autoclave moulding: This method is a combination of vacuum and pressure bag 
moulding and is used to obtain very high quality, high density (due to the greater 
pressures applied), reproducible products employed for critical applications, such as the 
aerospace sector. Not only a closer control of thickness and lower void content can be 
obtained, when compared to vacuum bag, but also components which would require 
secondary bonding (e. g. honeycomb structures) can be co-cured in a single operation. 
Layers of prepreg material are laid on the mould to make up the full thickness and a 
bleed cloth, release film and vacuum bag are placed over the prepreg and sealed on the 
mould. The mould is placed in an autoclave, a vessel which has facilities for heating 
(convective and radiative heat transfer mechanisms) and pressurising to about 0.3 - 1.2 
MPa by a gas, usually nitrogen, throughout the heating and cooling cycles. Vacuum is 
usually applied, in the initial stages of curing, to assist the removal of trapped air. 
Injection moulding: This is the same capital-intensive, highly-mechanised and controlled, 
high volume process used to manufacture most thermoplastic components and some 
thermosets. When used for making composite parts, a dough, containing all ingredients and 
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the reinforcement, is forced into the mould by a screw or piston and, in order to prevent 
severe degradation of the fibres in the feed-screw and injection gate, only short, random 
fibres can be used. The orientation of the fibres, however, is determined by the conditions of 
flow during filling. Injection moulding provides vastly improved surface properties of 
mouldings by eliminating contamination and providing consistent and repeatable conditions. 
Hot press moulding (or compression moulding): This is a relatively rapid method but 
requires expensive equipment, being specially suited for producing a large number of 
components of limited complexity with high dimensional control and good surface finish on 
both surfaces. The material to be shaped is pressed between two heated matched dies, 
mounted in a hydraulic press, to acquire the shape of the mould cavity, and the feed material 
flows into the contours of the mould purging air at the same time and, if the temperature is 
high enough, it rapidly cures. When the part is hard enough, it is removed from the mould by 
compressed air or ejector mechanisms and a new cycle starts. 
The two forms of feed usually associated with this method are sheet moulding compound - 
SMC (a prepared sheet of resin-fibre blend containing all the necessary constituents) and 
Dough moulding compound - DMC or BMC (as for the SMC but only short fibres are used). 
SMC and DMC cycle times are normally between two and ten minutes. 
Alternatively, the impregnation and forming operations can combined in a single stage. A dry 
reinforcement is placed in a mould cavity and a predetermined amount of reactive resin is 
poured on top of the reinforcement. After closing the mould, cure takes place either at room 
temperature (cold forming or press), or with pre-heated moulds (hot forming or press). 
Injection/compression moulding: In this process, a charge of material is injected into a 
partially open mould (5 - 10 mm) for the full injection stroke, then the mould is fully closed 
for the required curing time. This procedure ensures optimal filling of corners and intricate 
spaces and some additional control of fibre orientation since the fibres reorient under a 
pressure that is applied equally across the whole section (Wilkinson and White, 1996). 
Resin injection (RI) processes: These methods consist of placing the reinforcement in a 
closed mould and then inserting the matrix with a catalyst, by a piston-type positive 
displacement pump, into the mould to infiltrate the reinforcement. The automotive industry 
has been using these methods since the 1960s, when the 'Matra' company in France used a 
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process called by them 'low pressure injection' (now better known as resin transfer moulding) 
to produce large panels for various vehicles (Maxwell, 1994). Nowadays, various RI 
processes are present amongst the relevant processes to the motor industry (figure 1.3). 
Resin transfer moulding (RTM) as it is most known, is an extensively studied and used 
processing method, typically employed for relatively small runs on simple components and 
for longer runs on more complex components, lying between hand lay-up and matched-die 
moulding (see figure 1.2). As RTM was the method employed in the experimental studies of 
this thesis, it will be discussed in detail in section 1.2.1. Several variants of the traditional 
RTM process have been recently developed; some of these possibilities are described below: 
Vacuum assisted resin injection (VARI): The low pressures required for RTM may 
be obtained by extracting the air from the mould allowing atmospheric pressure, or an 
even lower pressure, to force the resin into the mould. In this process, the cavity is 
evacuated and the resulting vacuum is used to partially or fully draw pre-mixed resin 
into the mould. This variant of RTM is called vacuum-assisted resin injection (VARI). 
The major advantages of this method regard the ability to produce large mouldings with 
a higher fibre volume fraction and less void content. As vacuum is used to clamp the 
moulds, the construction of the moulds does not need to be as substantial as for basic 
RTM. Low-cost mould materials, however, also mean that the mould is unable to 
tolerate elevated temperatures which, coupled with its poor heat transfer, restricts the 
resin chemistry to slow cure times with a minimum exotherm during curing to avoid 
resin degradation or tool damage. Cycle times, as a consequence, are long, being 
measured in hours or even days for large, complex parts. 
Reaction injection moulding (RIM) or Structural RIM (SRIM): This method also 
uses relatively low pressures (;; - 0.5 -I MPa) to produce large mouldings. However, the 
use of two fast-reacting components pumped at high pressure through an impingement 
chamber in the mixing head just prior to injection into the mould, in contrast to a pre- 
catalysed resin with a relatively slow cure, differentiates this process from RTM. 
Tooling can be made of various materials but metal is sometimes preferred to favour 
heat transfer. When the resin is flowing within the mould, the viscosity is expected to 
be maintained between 0.1 to 0.5 Pa s for around 20 seconds. The major advantage 
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over other processes is the reduced cycle time; cure can be optimised to be achieved 
within 20 - 60 s, bringing the total cycle time to 1-2 min approximately. If flow 
distances are long, resin must enter the mould at a fast rate because of the rapid onset of 
resin cure, restricting the choice of reinforcement in order to prevent fibre-washing; 
sometimes, multiple ports are required (Cohnen and Osswald, 1992). 
Castro et al. (1996) mention that SRIM avoids knit lines and flow caused orientation 
problems since the preform is assembled outside the mould, presenting therefore 
advantages when compared to injection and compression moulding; besides SRIM is 
said to be automation friendly and, due to the relatively low moulding pressure, able to 
accommodate foam cores and inflatable bags so that closed and hollow sections can be 
included. 
Reinforced reaction injection moulding (RRIM): The major difference from RIM is 
that low levels of chopped or milled reinforcements are included in the liquid stream. 
High-speed resin transfer moulding (HSRTM): In this variant, moulding is carried 
out at elevated temperature to minimise the cure time and expand the number of 
possible resin systems. The preform is placed in the mould and, after minimal manual 
arrangement, the mould is closed and resin is injected. 
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Figure 1.3 Thermoplastics and thermosets materials and related processes of importance 
to the automotive industry (Maxwell, 1994) 
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Sometimes referred to as compression resin transfer moulding (CRTM), the major 
difference between CRTM and RTM is that in the former the fibre preform is pre- 
placed in a mould which is kept slightly open during the resin injection. Once the 
necessary amount of resin is injected, the final closing of the mould is carried out in a 
low-pressure moulding press and the resin is forced to fill the entire cavity like in 
compression moulding. The main advantage over RTM, thus, is a reduction in the 
necessary injection pressure for infiltrating a given fibrous reinforcement, due to the 
higher initial permeability of the medium, and easing the moulding of high fibre 
content parts (Wirth and Gauvin, 1998). Cure should be accomplished in the mould so 
that post-cure is not necessary to achieve acceptable dimensional stability 
(Johnson, 1987). Typical cycle times range from 1 min (for small components) to 
8- 12 min (for large, complex structures). 
Seemann composites resin infusion moulding process (SCRIMP): This is regarded 
as a new and promising resin infusion technology (Ni et al., 1997). The underlying 
principle of this patent protected method is to provide a high permeability region in the 
cavity which accelerates the distribution of resin. This is achieved by a surface layer (or 
layers) which allows fast resin percolation over the area of the cavity and therefore the 
impregnation mechanism will be a through-thickness flow (Rudd et al., 1997). 
A fibre preform is placed on top of a mould or wrapped around a foam core and then 
covered with a plastic vacuum bag. Various resin distribution systems are used to 
facilitate resin infusion, such as grooves cut in the core or the mould, or a high- 
permeable medium placed between the fibre preform and the plastic bag. This principle 
had been previously exploited by using a flow enhancing fabric within the preform. A 
high vacuum is a must in this method to ensure a low-voidage content and to promote 
'boil-off of any moisture present in the reinforcement. 
Continuous processes: 
Pultrusion: A process in which continuous rovings or yarns of the reinforcement, or fabrics, 
are impregnated by being passed through a bath of resin or by injecting resin directly into the 
die. A series of guides or brushings is generally used in front of the die to preform the 
reinforcement to the desired shape. The impregnated fibres are then pulled at a controlled rate 
through a heated steel die which compacts and shapes to the required profile. The product 
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should be completely cured by the time it emerges from the die; after passing through pullers, 
sections are cut to the desired lengths. Long shapes with various constant profiles, such as 
rods or tubing, are made by pultrusion, first employed in the 1950s; comparatively high 
strength and stiffness can be achieved due to the presence of aligned axial fibres necessary to 
sustain the large tractive forces required to pull the fibres through the die. Poor transverse 
properties can be overcome by incorporating transverse reinforcement. 
Pulforming: In this process, the reinforcement is pulled through a polymer bath and clamped 
between the two halves of a die and cured into a finished product. The die re-circulates and 
shapes the product successively. It is used to manufacture continuously reinforced products 
with other than constant cross-sectional profiles. 
1.2.1 RESIN TRANSFER MOULDING 
Resin transfer moulding (RTM) is a low pressure, closed mould process (figure 1.4). The 
moulding process starts with the placement of a dry reinforcing material (random and 
unidirectional fibre mats or woven fabrics), cut and/or shaped into a preformed piece - the 
preform, in a prepared mould cavity in such a way that it does not prevent the mould from 
closing and sealing properly. Once the mould is closed and clamped shut, resin is injected 
through one or more injection ports and forced to flow through the fibre reinforcement, 
impregnating it, expelling air inside the mould cavity. When excess resin starts to appear 
from the vent areas of the mould, the inlet flow is suspended and time is allowed for 
polymerisation (cure) of the piece. After a variable time (from minutes to hours), the 
moulded part is strong enough to be removed and the mould is ready for a new cycle. Then, if 
it is the case, the part can be post-cured to complete the chemical reaction. 
Any resin with ability to fill the mould completely, wet out the reinforcement, and cure or 
solidify to a solid state with the desired physical properties could be used. From a practical 
point of view, RTM resins are typically low viscosity liquids (100 - 1000 mPa s) with two 
components that have to be mixed at low pressures using a static mixer prior to injection; 
viscous epoxy resins, low viscosity vinyl ester and acrylamate resins are amongst the most 
used in high performance applications. Specially formulated resins to have low uniform 
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viscosity for a sufficiently long time (30 minutes to 4 hours) at the working temperature are 
sometimes required, especially with large, complex moulds. Figure 1.5 shows a typical 
temperature profile with an RTM moulding cycle, where the exotherm character of the curing 
reaction can be seen. The actual temperature profile for a given system is dependent on resin 
formulation, preheating and thermal capacity and conductivity of the tool. 
m 1 
(F) 
(J) Ný+mý 
(F) 
Figure 1.4 Schematics of the RTM moulding cycle based on Rudd et al. 
(1997): (a) Mat softening; (b) Placing of mat in tool; (c) Pressing of mat; 
(d) Preform ejection; (e) Preform trimming; (f) Handling to moulding; 
(g) Preform loading; (h) Resin injection; (i) Component ejection; (j) Deflash 
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Figure 1.5 Temperature profile of a RTM cycle (Eckold, 1994) 
The advantages of the RTM process are well established, being referred to as a versatile 
process, able to efficiently produce fibre-reinforced polymeric composites of different shapes 
and high structural performance characteristics for intermediate volume production runs 
(Parnas et al., 1994). It is also suggested that RTM allows a good control of mechanical 
properties, thickness and surface quality of the part (Gauvin et al., 1987). As a consequence, 
RTM has many current and potential applications in a variety of industries, such as 
automotive and aerospace. Besides, there is also potential for net-shape manufacture, 
including the manufacture of stiff double-skinned components, eliminating expensive 
trimming and post-forming operations, leading to further savings in overall costs 
(Eckold, 1994). 
Liquid moulding resin-handling equipment varies in complexity and cost with cycle time and 
resin reactivity. A one-component resin system can use a simple pressure pot (sometimes a 
reciprocating pump is used) for resin injection, where gas-pressure, usually air, is applied 
directly on to the pre-mixed resin in the storage tank. This is the most basic RTM setup and 
adequate only for low reactivity systems (Mallick and Newman, 1990). 
Applied pressures in the tooling may cause mould deflection. The pressure cycle for RTM 
comprises three distinct phases: impregnation, hydrostatic phase and cure. The impregnation 
phase influences the structural design of the mould in addition to affecting the subsequent 
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equilibrium hydrostatic phase. The cure phase consists of pressure peaks before and during 
curing, which are caused by thermal expansion effects of resin and laminate. These, however, 
were found not to be influential in mould design (Eckold, 1994). 
The pressure range for the RTM process is low (100 to 1000 kPa), or it can even be below 
atmospheric pressure (vacuum), reducing the cost and complexity of the required tooling. In 
fact, moulds can be made of inexpensive lightweight alternative materials, allowing the 
manufacture of complex and large components, and low cost epoxy tooling is used for the 
majority of low volume RTM production nowadays. As the complexity of the parts increases, 
fewer cycles can be carried out due to tool wear and damage inherent to the loading process. 
The low injection pressure, however, is responsible for forcing the fluid to flow over long 
distances and infiltrate the reinforcement which, in many cases, may lead to long production 
cycles. As mentioned in the literature, the flow of resin through long distances of a dry 
preform of complex structure can be regarded as the most unique characteristic affecting the 
RTM process (Parnas and Salem, 1993). 
Generally reported problems in RTM are related to the presence of large scale dry spots and 
macro- and micro-voids, and premature resin cure. Various factors are known to influence 
the RTM process, and the quality of the final part (Steenkamer et al., 1995; Hayward and 
Harris, 1989). Some of these factors are interdependent and some factors are expected to be 
relatively more important than others. Usually mentioned factors include those related to: 
Reinforcement: Type of fibre, fibre dimensions, reinforcement architecture, fibre 
orientation, fibre volume fraction, ply stacking sequence, compressibility and deformational 
behaviour, surface treatments of the fibres, wettability and saturation. These factors are 
expected to influence the permeability of the reinforcement; 
Resin characteristics: Type, chemistry, viscosity/temperature and viscosity/time 
relationships, proportion of catalyst and accelerator, density and wetting characteristics in 
combination with reinforcement; 
Mould design: Internal geometry, surface quality, location and number of inlet and vent 
gates, mould clamping and thermal characteristics; and 
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Processing conditions: Mould temperature, vacuum assistance, injection pressure/flow rate, 
and the ratio injection/capillary pressure (Patel, et al., 1991; Parnas et al., 1995). 
Although RTM has been increasingly used in industries to manufacture a wide variety of 
articles, ranging from small armrests for buses to large water treatment plant components, 
lack of technical information makes, in many cases, the designing of new moulds and the 
selection of the process parameters rely on past experience or on a trial and error procedure; 
both options are likely to lead to high costs and time consumption (Gauvin et al., 1987). To 
be used competitively, further RTM studies are still required to elucidate aspects concerning, 
for instance, the impregnation phenomena that take place when the resin is injected. 
The chemical and rheological properties of the resin, the orientation of the fibrous 
reinforcement and the inter-surface characteristics between fibre and matrix play a major role 
in resin impregnation (Ahn et al., 1991). Furthermore, under certain processing conditions, 
the microscopic flow of resin within the fibre tow and the fibre wet-out can considerably 
influence the overall flow. In these cases, capillary pressure manifests as a significant driving 
force for resin impregnation and therefore, wettability of the fibres may be an important 
factor to be considered for manufacturing good quality composites. The permeability of the 
reinforcement and the capillary pressure (Ps), which is the main driving force acting inside 
fibre tows, have to be fully understood in order to optimise the use of RTM, reducing, for 
instance, the presence of voids which deteriorate the mechanical properties of the final part. 
1.3 SCOPE OF THE THESIS 
As mentioned in section 1.2, important issues in RTM include the infiltration time, the flow 
pattern as a function of time, the required fluid injection pressure to fill the mould cavity and 
impregnate the reinforcement, the elimination of large scale dry spots in the reinforcement, 
the elimination of macro- and micro-voids and good wetting of fibre yams. An important role 
in these issues is played by the fibre reinforcement in RTM, which acts as the porous medium 
to be infiltrated by the resin. The permeability of fibre reinforcement expresses the ease with 
which the reinforcement can be infiltrated by the resin and is a major controlling factor of 
flow phenomena. Capillary pressure of fibre reinforcement is generally important for 
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localised effects, such as micro-impregnation of fibre yams and void formation. When the 
mechanical pressure (injection pressure or vacuum) is of comparable magnitude to the 
capillary pressure, then the latter becomes a considerable driving force for infiltration. 
Hence, the determination of permeability and capillary pressure in experimental studies and 
predictive models is of great importance in RTM. Many types of reinforcements present 
macro-flow channels (i. e. for flow between fibre tows or yams) and micro-flow channels (i. e. 
for flow within each fibre tow or yarn). Darcy's law is generally used to describe the overall 
infiltration of the porous reinforcement in RTM. The interactions between micro- and macro- 
flow can result in deviations of the overall flow from Darcy's law, which is really applicable 
to a homogeneous and random porous medium. This effect is particularly noticed in 
permeability measurements at low or moderate injection pressures. Hence, an infiltration 
analysis including both macro- and micro-flow and the effects of permeability and capillary 
pressure is necessary in such cases. Mathematical models are becoming increasingly 
important in the study and design of RTM processing and composite products, reducing 
costly trial-and-error experimental procedures. In such a model, it would have been highly 
desirable to be able to predict confidently permeability and capillary pressure on the basis of 
a given architecture of fibre reinforcement. Recent studies (Lekakou and Bader, 1998, for 
example) supplied models to predict trends of permeability and provided good qualitative 
insight into this area, but still lack the capability to provide accurate quantitative predictions 
of permeability. Therefore, there is need for further refinement and validation of these 
models to improve the accuracy of predictions. 
This study focuses on the determination of permeability and capillary pressure in the 
infiltration of fibrous porous media in RTM. The scope of this work, in terms of 
mathematical modelling, is to develop refined sub-models of infiltration, implement them in 
computer algorithms and validate them independently with appropriate experimental data. 
These sub-models include: (a) micro-infiltration of fibre yarns; (b) micro-infiltration of a 
two-dimensional orthogonal network of fibre yams, as in a plain woven fabric; and (c) 
macro- and micro-infiltration of an assembly of unidirectional fibre tows. In each of these 
models, permeability and capillary pressure of the porous medium can be determined from 
the predicted progress of infiltration. The scope of the experimental work is to: (a) apply a 
methodology to determine experimentally the permeability and the capillary pressure of a 
fibre reinforcement in an RTM set-up under different injection pressure conditions, while the 
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determined permeability value is decoupled from the capillary pressure; (b) to examine the 
effect of injection pressure, infiltrating fluid and saturation on the permeability; (c) to 
perform capillary flow experiments to validate the micro-infiltration model and to determine 
permeability and capillary pressure; and (d) to perform infiltration experiments through an 
assembly of unidirectional fibre tows in an RTM set-up to determine the progress of macro- 
and micro-flow in order to validate the corresponding macro- and micro-infiltration model. 
The subsequent chapters of this thesis are briefly described in the following paragraphs: 
Chapter II: This chapter includes a literature survey. It first introduces the fundamentals of 
rectilinear and radial RTM flow experiments, including Darcy's law, describing the flow 
through a porous medium, Carman-Kozeny equation for predicting permeability values and 
the Young-Laplace equation for estimating the capillary pressure. The concepts of macro- 
flow (present in the gaps between fibre-bundles) and micro-flow (present within bundles) and 
their relation to void formation in RTM manufactured composites are established along with 
a review of methods currently in use to model the pressure distribution and flow progress in 
the fibrous medium usually associated with RTM and different approaches for predicting 
liquid flow. 
Chapter III: This chapter gives a description of the fibrous materials used in various 
experimental set-ups, the infiltrating fluids and important properties of these materials 
regarding the infiltration process. A description of the experiments of this study, and data 
analysis is included. More specifically it covers the capillary infiltration of a vertical single 
fibre-yam and a fabric and unidirectional infiltration experiments in a resin transfer moulding 
set-up and laminate characterisation. 
Chapter IV: This chapter gives a detailed description of the different mathematical models 
and relevant equations employed in this work to describe the infiltration of a single fibre- 
yarn, the Darcy's network flow in a single layer of plain-woven fabric and the macro- and 
micro-infiltration of an assembly of unidirectional fibre tows in RTM experiments. The main 
features of the Fortran programs used to carry out the simulations, along with algorithm 
descriptions and flowcharts are also included. 
Chapter V: This is the first of four chapters describing the results of experiments and 
models. This particular chapter describes the results from the capillary flow experiments used 
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to determine the capillary pressure and permeability of a single fibre yarn and also the model 
predictions of the capillary flow. The conclusions include suggestions for corresponding 
analytical methods and values of empirical parameters to calculate the permeability and 
capillary pressure of fibre yam as a function of its porosity. 
Chapter VI: This chapter outlines the results of the capillary flow experiments carried out 
mainly to determine the capillary pressure and permeability of a plain-woven glass-fibre 
fabric. 
Chapter VII: This chapter describes the predictions for the capillary flow through a glass- 
fibre woven fabric obtained with the Fortran program in which the Darcy's network micro- 
flow model was implemented. Different models regarding the flow split at the junctions of 
the fibre yam network were investigated and the results were compared to experimental 
observations. 
Chapter VIII: This chapter consists of three parts related to infiltration experiments in an 
RTM mould. The first part is an infiltration study of unidirectional glass-fibre tows with 
clearly visible flow channels between the tows in an RTM set-up. Experimental data include 
the progress of the flow front in the macro-flow channels and inside the fibre yarns as well as 
data characterisation of the geometrical structure of the fibre assembly. The second part 
includes computer simulations of the macro and micro-infiltration of the assembly of 
unidirectional fibre tows. The third part includes experimental results obtained from 
rectilinear infiltration experiments using assemblies of a plain-woven fabric in an RTM set- 
up under different experimental conditions. These RTM experiments were used to estimate 
the permeability and capillary pressure of the woven fibrous preform and to assess the 
influence of injection pressure, infiltrating fluid and saturation on the estimations. 
Chapter IX: This chapter outlines the main conclusions drawn from the capillary and RTM 
infiltration experiments of single yams, plain-woven fabrics and unidirectional stitched fibre 
mats and their respective mathematical modelling. It also includes recommendations for 
future work. 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 29 
CHAPTER II 
LITERATURE SURVEY 
CAPE S 
Chapter II - Literature Survey 
2.1 INTRODUCTION 
The particular characteristic of resin transfer moulding, a wetting fluid flowing along a 
considerable length through an unsaturated porous medium displacing a non-wetting phase, 
makes the pressure distribution and resin flow more complex in RTM than in processes like 
pultrusion or bleeder ply moulding due to the moving resin flow front and capillary effects 
(Dave, 1990). This chapter will first introduce the fundamentals of rectilinear and radial 
RTM flow experiments, including Darcy's law, for flow mould filling and the use of Carman- 
Kozeny equation for predicting permeability values. Due to its likely importance in RTM and 
in the measurement of permeability, capillary pressure, usually estimated by the Young- 
Laplace equation, is also discussed. 
The concepts of macro-flow (present in the gaps between fibre-bundles) and micro-flow 
(present within bundles) will be established along with their relation to void formation in 
RTM manufactured composites. The chapter will conclude with a review of methods 
currently in use to model the liquid flow through the fibrous medium associated with RTM of 
composite components and different approaches for predicting the filling patterns and the 
pressure distribution. 
Most of the material presented in section 2.2 was obtained from Rudd et al. (1997), who have 
presented a comprehensive review of technical considerations on the RTM process. 
2.2 FLOW FUNDAMENTALS IN RTM 
2.2.1 DARCY'S LAW 
Flow models for RTM usually consider the flow to be described by that of an incompressible 
fluid through a porous medium, considered equivalent to flow through multiple tubes 
(Lindsay, 1994; Kolodziej et al., 1998), based on the. well-known Darcy's law (Darcy, 1856) 
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used as a momentum balance which correlates the velocity vector (uk, uy, uZ) of the flow to 
the associated pressure gradients parallel to the corresponding co-ordinate axes 
(equation 2.1). 
VP 
µ 
(2.1) 
where u is the superficial fluid velocity vector, µ is the fluid viscosity (Pa s) and [x] is the 
permeability tensor, a3x3 matrix , defined as: 
Kxx Kxy Kxz 
KYX KYy Kyz (2.2) 
Kzx Kzy K7y 
Permeability has units of m2, although the unit "darcy" (1 darcy = 9.87 x 10-13 m2) for 
permeability is sometimes used instead of m2. A porous material of 1 darcy permeability 
under a pressure differential of I atmosphere will produce a flow rate of 1 cm3/s of a fluid 
with aI centipoise viscosity through a cube of the porous material having sides of 1 cm in 
length (Gauvin et al., 1987). 
For incompressible infiltrating fluids (constant density), the continuity equation V V. u=0 
(mass conservation) can be combined with Darcy's law as: 
V. 
µ"vP 
=o (2.3) 
Equations 2.1 and 2.3 apply only to Newtonian fluids and ignore inertia and gravitational 
effects. Darcy's law, expressed by equation 2.1 is widely employed to predict flow patterns in 
RTM as well as in the determination of permeability in experiments where the flow velocity, 
the pressure gradient and the viscosity are measured and correlated to permeability. The 
validity and applicability of Darcy's law, however, have been questioned by many authors: 
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(1) Visconti et al. (1998) studied and identified differences in the measured permeability of 
unidirectional fibre preforms brought about by changes in injection pressure. 
(2) Gauvin et al. (1996) suggested that the flow rate and pressure, the nature of the fluid, the 
handling of the reinforcement, and the mould cavity stiffness are among the factors that could 
strongly influence the permeability measurements. 
(3) Lekakou et al. (1996) found a dependence of the permeability on permeation speed in 
radial RTM flow experiments at low injection pressures. 
(4) Chan et al. (1993) observed an increase in permeability with flow rate for woven glass- 
fibre fabric when infiltrated by glycerine, which could have been caused by a preferential 
channelling of the liquid through large pores rather than through micro-pores. Dave (1990) 
also suggested that the increase in permeability as a function of the steady state flow rate 
occurs by fibre movement within the preform under high flow rates, causing irregular 
impregnation through continuous channels of diameter greater than the average original 
capillary diameter. 
(5) Kim et al. (1991) found a slight increase in permeability with increasing flow-rate for 
random mats, whilst 0/90 cloths did not show much influence with the flow-rate. Moreover, 
multi-layer assemblies of fibrous preforms with the same porosity but made up of a different 
number of individual layers showed an increase in permeability with the number of layers. 
(6) Griffin et al. (1995) found different permeability values depending on the infiltrating 
fluid. 
(7) Findings of Steenkamer et al. (1993) suggested that the test fluid influences fabric 
permeability measurements. 
(8) Parnas et al. (1995) mentioned various references where flow behaviour in both saturated 
and unsaturated porous media deviates significantly from Darcy's law. 
The term saturation is used to define the ratio between the volume of the porous medium 
occupied by liquid and the total accessible pore volume of that porous medium (Ghali et al., 
1994; Patel and Lee, 1996). At zero saturation, for instance, there is no liquid present in a 
fabric although the fibres may have sorbed moisture from the air, whereas at 100% saturation 
all void space in the fabric is filled with liquid. 
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Despite the findings of these and other references, Darcy's Law is still by far the most used 
model to describe the flow of resin in reinforcements during the processing of composites, 
and, as mentioned by Parnas et al. (1994), many of the discrepancies in the literature about 
this model may be due to neglecting the effects of microscopic flow phenomena on the 
interpretation of the macroscopic flow. 
Equation 2.3 forms the basis for flow simulation during resin transfer moulding. It can be 
solved either numerically or analytically, depending on the complexity of the mould 
geometry and injection strategy. Differentiation of the pressure field along with Darcy's law 
can then be applied to obtain the fluid velocities, which can be used to determine the flow 
front position at any time during the injection phase (Rudd et al., 1997). 
Although there are alternative ways of measuring the in-plane permeability of fibrous 
reinforcements used in RTM (Verheus and Peeters, 1993), the use of the RTM equipment 
itself is the most often reported way to achieve this goal. Different RTM measurement 
techniques are described below. 
2.2.1.1 ONE-DIMENSIONAL FLOW 
2.2.1.1.1 RECTILINEAR FLOW 
Rectilinear RTM tests occur by introducing the infiltrating fluid into the reinforcement via an 
edge gate. The flow is forced to advance along a parallel-sided mould cavity towards an 
opposite edge vent. The simplicity of the set-up and the ease with which permeability values 
can be determined are the major advantages of the rectilinear flow RTM experiments. Gauvin 
and Trochu (1998) mentioned that the results obtained with this method are usually more 
reliable and more reproducible than the radial flow method. Close attention, however, has to 
be paid to avoid gaps along the walls of the mould which permit by-pass flows or 'race- 
tracking', also called, 'edge effects' (Rudd et al., 1997). 
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The one-dimensional equation for the global flow of Newtonian, incompressible fluids, can 
be expressed as: 
_Q,. _ 
xdP uX - A--µ dx (2.4) 
where: 
dx 
ux=Evx=cdt (2.5) 
and Q is the volumetric flow rate (m3/s); A is the cross-sectional area of the mould cavity 
normal to the flow direction (m2); uxis the superficial velocity or the velocity based on an 
empty mould cavity (m/s); vx is the interstitial velocity or bulk flow front velocity (m/s); s is 
the porosity of the preform; dP/dx is the fluid pressure gradient over the specimen (Pa/m) and 
x is the length in the streamwise direction (m). 
For a rectilinear flow, which presents fluid velocities in both y and z directions equal to zero, 
the equation of mass conservation is reduced to du, t/dx = 0. This expression can be combined 
with equation 2.4 to produce: 
d (LdP)=0 
dx µ dx 
(2.6) 
which means that if the viscosity of the fluid infiltrating an isotropic reinforcement remains 
constant, there will be a linear pressure distribution between the injection gate and the flow 
front according to: 
P=P;,, j 1- 
X (2.7) 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 35 
Chapter II - Literature Survey 
where Pij is the resin pressure at the injection gate (Pa), xff is the position of the flow front 
(m) and, by definition, the pressure gauge is equal to zero at the flow front (Kendall et al., 
1992). 
The pressure gradient can then be combined with equations 2.4 and 2.5 as: 
VX =K 
Pinj 
µ8 Xff 
(2.8) 
From equation 2.8, two distinct possibilities can be envisaged regarding the experimental 
conditions at which the flow experiments can be carried out: 
Constant injection pressure (P1 ): In this case, the integration of the reciprocal of 
equation 2.8 leads to an expression for the time required for the fluid to reach a particular 
position in the mould: 
µ£ 2 tff 
2KPJ 
Xff (2.9) 
As can be expected from equation 2.4, the pressure gradient (dP/dx) is virtually infinite when 
the infiltration has just started (very small dx), and as the infiltration progresses this gradient 
decreases and hence the speed of the flow front reduces with respect to time. 
Constant injection rate (Q; oj): In this case, the required fill time can be calculated from the 
total reinforcement pore volume as presented in equation 2.10, which states that the fill time 
is directly proportional to the distance from the injection gate, being independent of resin 
viscosity and reinforcement permeability. 
cAx if tff _ Qinj (2.10) 
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Rearrangement of equations 2.4 and 2.8 can be used to find the pressure at the injection gate 
(equation 2.11) which suggests that the required pressure at the injection port will increase as 
the flow front progresses, while the flow-rate is maintained constant. 
ilQinj 
Pinj = Xff 
AK 
2.2.1.1.2 RADIAL FLOW 
(2.11) 
The radial flow RTM technique has been extensively cited in the literature (Carter 
et al., 1996; Kendall et al., 1992; Chan and Hwang, 1991; Um and Lee, 1991; Adams et al., 
1988; Adams and Rebenfeld, 1987; Adams et al., 1986). Its main advantages over the 
rectilinear mode consist of allowing a quick determination of the principal in-plane 
permeabilities and the ratio between the main in-plane components of the permeability tensor 
(for anisotropic preforms). Furthermore, outwards radial-flow tests do not show edge effects. 
On the other hand, as is shown below, central injection makes the resin flow at high speeds 
near the inlet and at a decreasing speed as the resin flows away from the inlet. This 
characteristic makes precise quantification of the main values of the permeability further 
complicated since the pressure gradients depend on both, time and position, due to the 
unsaturated nature of the flow experiment (Parnas et al., 1995). 
Rectilinear and radial flow conditions should provide the same permeability values for a 
given fibrous preform. However non-consistency in data has been reported by Parnas et al. 
(1995) and Parnas and Salem (1993), being justified by possible mould deflection, race 
tracking in rectilinear flow, capillary effects and interactions between micro and macro-flow. 
Lai et al. (1997), on the other hand, reported that utmost care and the use of appropriate 
equations, taking into account the contribution of capillary pressure to the overall driving 
force, resulted in agreement, with a 10% scatter, between rectilinear and radial techniques, 
which is within the expected range of experimental error. 
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The divergent radial flow, obtained by injecting the infiltrating fluid through a central gate, 
will occur radially until the fluid reaches the mould wall. Darcy's law in radial form is 
expressed for an isotropic preform as: 
KA dP 
_x 
dP 
µ dr -µ 
2tr Hd (2.12) 
where H is the thickness of the mould cavity. 
Assuming again that the porosity of the reinforcement and the fluid viscosity are constant 
throughout the mould, the pressure distribution behind the flow front (equation 2.14) can be 
derived from equation 2.13, to satisfy the boundary conditions P=P;,, j at r= ro and P=0 at 
r= rif (at the flow front). Equation 2.14 shows that the pressure within the cavity decays 
rapidly as the distance from the injection gate increases (differently from the rectilinear case). 
d2 
+1 
dP 
=0 (2.13) dr 2r dr 
In r 
rff Pinj (2.14) 
In rro 
rff 
where ra is the radius of the circular injection port. 
Combination of equations 2.12 and 2.14 can be used to derive an expression for the 
interstitial fluid velocity in the radial direction, shown as equation 2.15. 
KPini 
(2.15) v=_ As r. 
ßµr In 
r. 
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As for the rectilinear case, two distinct possibilities can be envisaged regarding the use of 
equation 2.15 according to experimental flow conditions: 
Constant injection pressure (Pj,, j): The time required for the fluid to fill a region of 
radius rif is given by equation 2.16 (Chan et al., 1993), which clearly applies only until the 
flow front reaches the mould wall. 
PC 2 rff 1(2 21 
tff = 2iP rff 
In r-2 lr - ro / (2.16) 
ini 
[ 
Disadvantages of this method, as mentioned by Rudd et al. (1997) include mould deflection 
at high fibre contents and fluid pressures and also, difficulties inherent in measuring the flow 
front advance in a reproducible and accurate way. 
Constant injection rate (Q1 ): For constant volumetric flow rate, an isotropic preform will 
give a relationship between the flow front position (rff) and time (ta) as follows: 
tff _ 
EHn (rff2 
- roe) (2.17) Qinj l 
Besides, the pressure at the injection gate rises as the flow front advances, according to: 
Pink = 
FAQ nj In rf (2.18) 
2nHx 
(r. 
The constant volumetric flow rate method is mentioned to have two main advantages against 
the constant pressure method. Firstly, the preform deformation (if it occurs) will be minimal, 
because usually the inlet pressure gradient is much lower than that in constant pressure 
filling. Secondly, studying parameters that vary with flow rate will be more appropriate at 
constant flow rate, once the velocity at a given position does not change with time. 
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2.2.1.2 TWO- AND THREE-DIMENSIONAL FLOW 
Flow must be considered in two or three dimensions for the RTM manufacturing of 
composite components due to the more complex geometry of the part. However, the in-plane 
permeability in a RTM process has received most of the attention due to the nature of the 
flow commonly present in the experiments (small thickness mould cavities) and also due to 
the fact that monitoring differences of the flow front progress across the thickness of the 
RTM cavity is usually regarded as very difficult to perform (Weitzenböck et al., 1998; Wu et 
al., 1994). There is a tendency to consider the flow two-dimensional in-plane, because two of 
the dimensions are generally much larger than the thickness of the preform and therefore it is 
assumed that the fluid velocity and the pressure gradient are zero through the thickness (z 
direction). This assumption greatly simplifies the analysis of the flow. 
For a two-dimensional flow condition, Darcy's law can be written as: 
aP 
ux 1 x. xxY ax (2.19) 
uy µ K, x K, y op 
aY 
Equation 2.19 can be further used in conjunction with the two-dimensional mass 
conservation equation to derive an equation for the pressure field: 
a ,. an a an a K,. an a Kri an (2 20) xµµ +ý +ý µ -0 
Equation 2.20 can be solved under an appropriate set of boundary conditions, which usually 
include: (a) Constant pressure or constant flow rate at the injection port; (b) Zero gauge 
pressure is assumed at the fluid flow front, unless vacuum assisted injection is used; and (c) 
Zero velocity normal to impermeable surfaces such as mould walls and inserts. 
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The use of a permeability tensor is usually necessary since most commercial fabrics or mats 
are anisotropic. An anisotropic fibre preform will develop an elliptical flow front for the in- 
plane permeability in the radial experiments (figure 2.1) as soon as it enters the inlet port r0. 
Furthermore, the ellipse is not always aligned with the initially chosen set of co-ordinate axes 
(x-y), lying over the principal directions (x'-y') of the permeability tensor, rotated at an angle 
cp from the x-y co-ordinate system. In this case, the position of the flow front is followed 
during time and the values for the length and the orientation of the main axes are related to 
the orientation and value of the minimum and maximum in-plane permeabilities. 
The in-plane permeability tensor can be described as: 
ýKý 
=I 
-xx "Xy (2.21) 
lKyx Kyy 
where, if the anisotropic preform is symmetrical, KXy = Kyx. 
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Figure 2.1 The relation between the principal 
directions (x' and y') of the permeability tensor and an 
arbitrary x-y co-ordinate system (Chan et al., 1993) 
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Equation 2.21 can be simplified to equation 2.22 for orthotropic preforms, where the material 
axes (x', y') coincide with the reference axes (x, y), or equation 2.23, for isotropic preforms. 
Isotropic preforms will be responsible for a circular flow front when infiltrated under radial 
flow conditions. 
[K] = 
[Kxx ° 
(2.22) 
ri 
11 0 [K] -K01 (2.23) 
2.2.2 PERMEABILITY 
The permeability of the porous medium, x, is the property that expresses how easy it is for a 
fluid to penetrate a porous medium or, in other words, the fluid conductivity of a porous 
medium. Both permeability, depending on local fibre volume fraction, fibre orientation, fibre 
dimensions, and topology (Shih and Lee, 1998), and the kinetics of the curing reaction of the 
resin control the time necessary for a complete filling of the mould, affecting mould design 
and gate positioning (Lekakou et al., 1996). 
The empirical Carman-Kozeny equation (equation 2.24), which relates permeability to the 
fibre radius and volume fraction, is one of the most widely used models to predict 
permeability, although its predictive capabilities are rather restricted (Cai, 1993). Originally, 
Kozeny (Kozeny, 1927) used the capillary model to relate the pressure drop to velocity by 
assuming flow through an idealised, isotropic (i. e. granular) porous medium consisting of 
tortuous capillaries. A single channel, with an effective diameter equal to four times the 
hydraulic radius of the medium, is used to model the porous medium and the Hagen- 
Poiseuille equation for laminar flow is used to describe the flow velocity in the channel (Kim 
et al., 1991). Carman (1937) later modified this equation by incorporating the specific surface 
area of the particles of the porous medium (Sadiq et al., 1992). 
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Df 2 E3 
16Ko E)2 
(2.24) K 
(1- 
where: Df is the average fibre diameter (m) and Ko is the Kozeny constant in the flow 
direction, considering tortuosity of the flow paths and pore nonuniformity. Equation 2.24 
suggests that smaller pores (low Df) will have a lower permeability, which is a consequence 
of the large surface/volume ratio offering more resistance to flow (Bever, 1986). Once the 
permeability is measured for a given porous structure, the Kozeny constant can be 
determined by equation 2.24, although the derivation of this equation implies its applicability 
only for uniform or truly random packing of fibres (Griffin el al., 1995). 
The Kozeny constant can be further depicted as a combination of a shape factor (ka) and the 
tortuosity of the flow path: 
Ko =k 
L 
0(L ) 
(2.25) 
where: Le is the effective average path length in the porous medium and L is the shortest 
distance measured along the macroscopic flow direction (Lam and Kardos, 1989; 
Choi et al., 1998). 
Although the Carman-Kozeny equation is usually applied to predict permeability (Gibson 
and Manson, 1992), discrepancies are often reported (Choi et al., 1998; Phelan and 
Wise, 1996). Moreover, the Kozeny constant has to be experimentally determined for real 
fibrous reinforcements. 
For fixed packing geometries, the theoretical value of Ko is 2 for flow along the fibres and 
about 5 for transverse flow (Batch et al., 1996). According to these authors, longitudinal flow 
through fibre arrays has given lower values for Ko than the theoretical ones due to increased 
permeability resulting from nonuniform fibre spacing. Also, the transverse flow gives higher 
values due to reduced permeability as a consequence of flow blockage by "log jamming" of 
fibres together; Lam and Kardos (1989), for instance, found transverse permeabilities 19 
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times lower than the longitudinal permeability. Further discussion on the trends of 
experimental values of the Carman-Kozeny constant, along with experimental values 
determined in this work, can be found in section 5.2.2. 
As mentioned by Skartsis et al. (1992a), there are certain circumstances where the use of this 
equation can not be justified: 
Very low porosities: If an aligned close-packed cylinder arrangement reaches its maximum 
packing efficiency, Vf _- 0.79 for square packing and Vf 0.91 for hexagonal packing 
(Gebart, 1992), the transverse fluid flow should stop. However, the Carman Kozeny equation 
predicted that the transverse permeability of the preform under these circumstances should be 
one and not zero as would be expected. 
Attempts have been made to overcome this drawback, such as the heuristic model proposed 
by Gutowski et al. (1987) applied to the modelling of the transverse permeability of Hercules 
AS-4 graphite fibres being infiltrated by silicone oil: 
3 
V, a 
-1 
D f2 
Vf 
K 
16K'o Via 
+1 
(2.26) 
Vf 
where Va is the maximum packing capacity and Ko is an empirical parameter. Thus, this 
model predicts zero transverse permeability for when Vf = Va. 
High porosities (> 0.8): A realistic approach for high porosities resembles more of a flow 
being affected by independent dispersed solid particles, not conforming in geometry to the 
capillary representation of the Carman-Kozeny equation. 
Adsorption and other surface effects 
Blocked paths: Responsible for high apparent tortuosity factors. The engineering volume 
flow rate considers the whole cross-section, while the actual flow is proportional to the 
number of effective streamlines. 
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Elongational strains: Also mainly important for non-Newtonian fluids, expansion and 
contraction occurring in a flow through a usual porous medium cause elongational straining 
of the fluid, whilst Carman-Kozeny equation only accounts for shear straining. 
Pore non-uniformities: Highly non-uniform pore size distributions could lead to large 
errors, since the Carman-Kozeny equation considers the capillaries of the fibrous bed to 
consist of a constant, average capillary diameter. 
The saturation of the media is also expected to change the permeability values. Parnas et al. 
(1995) mentioned that the unsaturated permeability of the 3-D woven fabric was lower than 
the saturated permeability in the early stages of their 1-D flow RTM experiments. But this 
former value increased and overtook the value of the saturated permeability. After the fluid 
began exiting the mould, the permeability decreased towards the saturated permeability 
value. Their evaluation of permeability was performed based on an average assumed position 
for the flow front, being determined by a known total flow-rate, average filling time, mould 
cross-section and average fibre volume fraction. This approach differs from the common 
practice of monitoring the flow front with a camera. 
In order to account for the influence of the saturation on permeability, Dave (1990) defined a 
relative permeability, dependent on saturation and capillary number, varying from 0 to 1 (for 
flow through fully saturated porous medium). Furthermore, an effective permeability was 
defined as the product of specific permeability and relative permeability, where the specific, 
or intrinsic, permeability depended on the pore structure, porosity and fibre-network 
diameter 
2.3 CAPILLARY PRESSURE 
Capillary pressure can be defined as the difference of hydrostatic pressure across a 
liquid/solid interface due to surface tension. The spontaneous movement of the flow front 
appears to reduce this pressure gradient, decreasing the amount of surface energy upon 
impregnation as a consequence of a negative capillary pressure (Connor et al., 1995). In case 
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capillary pressure is positive, the increase of energy will make the system resist 
impregnation, which would only occur under an externally applied pressure. 
Capillary forces are responsible for spontaneous penetration of liquids (wicking) into porous 
materials (Patel and Lee, 1996), being present in various fields of research, such as textiles 
technology (Nutter, 1996), geology or materials science. This later possibility will be further 
exploited subsequently. 
After wetting the fibre surfaces, a liquid can be transported'Ovough the interfibre pores of the 
fibre preform by capillary action. The wetting phenomenon is due to surface attraction forces 
and is determined by fibre surface properties and the wetting liquid. 
The dynamic liquid-fibre interaction process involves not only wetting but also liquid uptake 
in the porous structure and, for some fibres, liquid absorption within the fibres, making the 
wetting measurements of complete fibrous assemblies more difficult to analyse (Hsieh and 
Yu, 1992). 
Capillary pressure (P. ) has been theoretically estimated using the Young-Laplace equation, 
first applied to idealised capillary tubes in 1806, as shown below (Williams et al., 1974): 
P=F= 
ýacos0 
= 
4acos0 
(2.27) 
A 7tr2 De 
where: FH, is the wetting force generated at the solid-liquid interface (N); 4 is the perimeter of 
the cylindrical capillary tube, 2nr, (m); A. is the cross-sectional area of the capillary (m2); 
6 is the surface tension of the wetting fluid (Pa m); 0 is the contact angle between the liquid 
and the solid and De, for a fibrous preform, is an equivalent diameter for the different 
pores (m). 
From this equation, a larger capillary pressure for fabrics with a small contact angle (good 
wetting) can be foreseen. Furthermore, small pores (with a lower De) will be filled first (high 
capillary pressure) when the fabric is brought in contact with the liquid; on the other hand, 
smaller capillaries have a lower volume of liquid retention. As saturation proceeds, larger 
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pores become filled and capillary pressure decreases, becoming equal to zero for a 
completely saturated medium (Ghali et al., 1994). 
The interfibre pores must have the proper dimensions to produce sufficient capillary pressure, 
interconnective pathways to transport the liquid, and overall porosity to retain the liquid. 
Smaller pore sizes produce higher capillary pressure, enhancing liquid spreading distance. 
The capacity to retain liquid, on the other hand, is not only determined by the pore sizes of 
the fibrous medium but also its overall porosity. A fast rate of liquid spreading requires 
small, uniformly distributed and interconnected pores (Hsieh, 1995), whereas a high liquid 
retention requires large number of such pores or a high total pore volume. 
In a reinforcing fibrous preform, usually anisotropic, there is a distribution of pore sizes and 
shapes, which makes the determination of D. very difficult. Pore variation and distribution 
leading to preferential liquid movement towards the smaller pores can even result in a partial 
draining of previously filled pores in the fibrous structure. Direction of pore path may also 
vary and, hence, a dimensionless shape or form factor (F), which depends on the flow 
direction, has been used by Ahn et al. (1991) to merge all different anisotropic/geometric 
configurations of fibrous media. This relationship for one-dimensional resin flow is 
expressed by equation 2.28, below: 
Pc =F 
(1 E E)acose (2.28) 
f 
where: Df = diameter of a single fibre filament (m) and c= porosity of the reinforcing 
preform. In the case of a unidirectional fibrous preform (Williams et al., 1974), F, found on 
the basis of the principle of hydraulic radius of a fibre bed, is considered 4 for axial flow - 
De cDi/(1-c) - and 2 for transverse flow - De 2cD1(1-c). For complex fibre alignment such 
as the woven fabric preform, F may be only determined indirectly by experimental evidence. 
During the processing of polymeric composites, impregnation of dry fibre tows due to 
capillary forces can occur by two different ways: axial flow - flow along the fibre axis - and 
transverse flow - flow normal to the axes of the fibres - (Bayramli and Powell, 1991). 
However, according to Bayramly and Powell (1992), who studied a carbon fibre tow system, 
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axial impregnation times are sixteen times shorter than in the normal mode. In the 
meanwhile, Lam and Kardos (1989) measured axial permeability of aligned and cross-plied 
carbon fibre beds nineteen times the transverse permeability. 
2.3.1 MEASUREMENT OF CAPILLARY PRESSURE 
Different methods can be used to measure capillary pressure of a fibrous preform. Perhaps 
the most widely used are the experiments based on the Wilhelmy plate method first described 
in 1863 by Ludwig F. Wilhelmy, being based on force measurements when a solid surface is 
in contact to the surface of a liquid like the ring method (see section 3.1.3.3). 
Batch et al. (1996) used this principle when measuring capillary flow, driven by capillary 
forces only, in longitudinal and transverse directions inside fibre bundles. The rate of 
wicking (where wicking can be defined as the spontaneous penetration of liquid into the 
porous material under the influence of capillary forces or the ability to sustain capillary flow) 
through aligned fibre beds was measured by suspending a fibre-filled tube just under the 
surface of a beaker containing the infiltrating fluid and observing the increase of weight in 
the fibre-bed via a balance. This paper was the basis of most of the capillary infiltration 
experiments carried out in this work and the full methodology of analysis of data will be 
discussed later (section 3.2.2). Perhaps the major experimental difference is that Batch and 
co-workers have utilised tubes, whilst in this work, tubes were not used in order to avoid their 
influence on the determination of capillary pressure. 
Bayramli and Powell (1990; 1991; 1992) investigated theoretically and experimentally the 
axial and transverse capillary impregnation of a viscous liquid into carbon fibre bundles. The 
experimental work was based on the axial liquid uptake into a fibre tow or on the transverse 
impregnation of parallel fibres 'sandwiched' between two circular rings. The theoretical axial 
impregnation rates of hexagonally packed parallel fibres were up to two orders of magnitude 
higher than those for the normal impregnation in the same fibre matrix. 
The axial impregnation rates were found to be higher than those predicted by theoretical 
models (based upon simple geometries). This fact was qualitatively explained by a fast 
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uptake of liquid in the large pores along with slow lateral motion of the liquid into the 
neighbouring smaller pores coupled with an axial flow in these small pores. Besides, the rates 
were strongly influenced by the pore size distribution in the fibre bundles. At a given overall 
average porosity, higher rates of impregnation were observed for samples having higher pore 
heterogeneity than those with a narrower distribution of pore sizes. Another finding from 
these authors was that the average cross-sectional geometry in a given tow was constant. 
Carleton and Nelson (1994) examined the wet-out process of glass fibre tows encased into a 
glass tube held vertically just above the liquid surface. Their main conclusions were: (a) The 
rate of mass uptake of a capillary depended on the fourth power of the capillary radius and 
the first power of the surface tension; (b) The fibres in a bundle were compacted (theoretical 
capillary radius was reduced) by the surface tension of the liquid being absorbed, and the rate 
of absorption could be increased by holding the fibres open mechanically; and (c) Under 
normal structural reaction injection moulding (SRIM) process conditions, capillary action 
had only a small effect on glass bundle penetration. 
Hsieh et al. (1991) and Hsieh and Yu (1992) carried out dynamic measurements of liquid 
wetting and retention characteristics of the interaction between the lower edge of a vertically 
hung single fibre filament or woven fabric, respectively, and a liquid. The combined findings 
of these authors were used to demonstrate that the wetting characteristics of a fabric are 
identical to those of their constituent single fibre filaments. The latter authors suggested that 
wetting properties could be obtained more conveniently from fabrics than from single fibre 
measurements since handling of fabrics is much easier and simpler. Besides, variability of the 
wetting data on single fibres was attributed to irregularities in fibre sizes and cross-sectional 
shapes, whilst the wetting behaviour of fabrics was suggested to be a result of collective 
property of all fibres in the fabric, and therefore, prone to less data scatter. 
Hsieh (1995) highlights that wetting and wicking components of a porous medium-liquid pair 
can be individually identified and liquid transport and absorbency in a fibrous material 
depend on the liquid-fibre interaction and the geometric configuration of the fibrous material. 
Ahn et al. (1991) designed a simple apparatus (figure 2.2) to simulate conditions encountered 
during composite impregnation in order to measure capillary pressure (as well as the form 
factor F) and permeability of 30 plies of plain-woven carbon-fibre fabric. The main equation 
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used on the calculations was derived from the one-dimensional form of the Darcy's law for 
the constant pressure condition (equation 2.9), which can he rearranged as: 
x'`=2K (Pm+P')t (2.29) 
µE 
where x is the resin penetration thickness into the fibrous preform and P,  is the applied 
mechanical pressure. One can notice in equation 2.29 the presence of the capillary pressure 
term along with the mechanical pressure which has been used since P, was expected to be of 
relative importance and therefore could not be neglected. 
ia) ýý /(C) 
mElm 
(1, ) du 
(c) 
f_j ) 
(C) 
Resiii e liiert 
Figure 2.2 Schematics of the apparatus used by Ahn ei al. (1991) 
to measure permeability and capillary pressure: (a) weight; 
(b) piston; (c) thermocouple; (d) plastic syringe; (c) fibre-bed; 
(f) nut; (g) bolt; (h) metal syringe; (i) resin; and (j) wire mesh 
I hus. the permeability can be calculated from the slope of a curve of the resin penetration 
(x2) as a function of time. Moreover, Pc can be calculated from the resin penetration for a 
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certain period of time as the applied mechanical pressure is changed. This method of 
determining P. and K was applied when analysing the RTM experiments in this study and is 
further depicted in section 3.2.4, whereas the obtained results are shown in sections 8.4.1 
to 8.4.4. 
Houmg and Chan (1998) used a similar experimental set-up as the one shown in figure 2.2 to 
simulate conditions encountered during radial composite impregnation and equation 2.16 
(polar co-ordinate system) to track the flow position with time when a random fibre mat was 
infiltrated by ethylene glycol. 
Another method of measuring capillary pressure analogous to a capillary tube with one end 
immersed in liquid was described by Ghali et al. (1994), the long-column method, which is 
used to pack unconsolidated materials. The capillary pressure, indicated by the height of the 
column of liquid, is then defined as the differential pressure generated at the interface 
between liquid and air. 
Patel and Lee (1996) used a centrifuge device to measure capillary pressure-saturation 
relationships. A fibre mat sample completely saturated with the test liquid is subjected to 
centrifugal forces, which try to force the liquid out of the sample, whereas capillary pressure 
tries to contain the liquid in the sample. The authors have justified the use of a drainage or 
de-wetting condition established in the experiments, which differs from the nature of liquid 
composite moulding mould filling process (imbibition), since the imbibition and drainage 
curves coincide at low saturation; for high saturation, capillary pressure is expected to be 
low, decreasing its relative importance to the mould filling process. These authors have also 
used a dynamic contact angle analyser in order to measure wicking rates, which in turn are 
correlated to permeability. 
Capillary pressure, which is a function of S, y, and saturation, SW,, data were correlated to pore 
structure and liquid properties by using a single dimensionless function, known as the 
Leverett -J- function (Dave, 1990), defined as: 
(2.30) J(5, V)=aiv 
vT(A) s 
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where T is the geometric factor for the contact angle of the liquid-air interface passing 
through the pore (Anderson, 1987); T is a function of 0 and for a straight capillary tube 
T(0) = cos (0). Equation 2.30 was later reviewed by Moseley and Dhir (1996) who suggested 
that the effect of contact angle increases significantly throughout the saturation profile, which 
changes from funicular rings to pendular rings. 
Han and Lee (1996) also utilised the centrifuge method to determine the capillary pressure - 
saturation relationship in porous media. Capillary pressure was calculated according to 
equation 2.31: 
PC -P22`r2-r1 (2.31) 
where p is the density of the liquid (kg/m3), w is the rotation speed of the centrifuge and rl 
and r2 are the minimum and the maximum radii of rotation of the sample, respectively. 
Another method to measure capillary pressure was described by Kotomin and Avdeev (1999) 
who developed a method for the determination of the Darcy's radial rates of capillary 
impregnation based on the change in the mass of a filament temporarily immersed in a 
temperature controlled polymer melt. 
2.4 MACRO AND MICRO-FLOW 
Not only is the pore structure of the reinforcements complex and not so easily quantifiable 
(Miller and Tyomkin, 1994) but also there are non-uniformities in bundle size, fibre 
alignment, fibre volume fraction and the dynamic movement of the flow front can also be 
responsible for fibre shifting and changes in nonrigid fibrous structures (Guild et al., 1994). 
If the final produced part is to achieve useful mechanical properties with a controlled void 
content, the resin must wet the individual fibre filaments and form a strong interfacial bond 
during relatively short production cycle times. In order to accomplish that, the resin must 
flow through pore sizes with length scales ranging from approximately I- 10 µm 
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(micropores inside the tows) to I mm or higher (macropores between the tows) and the 
behaviour of the fluid in each length scale is expected to influence the behaviour at different 
scales. In figure 2.3, the difference in the length scales, 1 and L, for a typical heterogeneous 
unidirectional fibre mat can be easily noticed. It can be also noticed that the pores inside the 
tows are likewise heterogeneous. 
Thus, during the mould filling stage of RTM, the resin is forced to flow into the pore spaces 
between the filaments of a fibre tow and the pore spaces between the tows. The global flow 
during the RTM process can be divided into two main flows (Patel el al., 1995): 
1) Macro-flow: It is the flow that occurs between fibre tows. "I'his flow is mainly affected by 
the forcing pressure gradient, since there is a wider physical gap between the tows than inside 
them. 
2) Micro-flow: It is the flow that occurs within fibre tows. This flow is highly subject to 
capillary forces (surface tension), where, according to the Young-Laplace equation, the lower 
the capillary radius, the higher the capillary pressure inside the capillary. Although, injection 
pressure is also present within the tows, it is less effective due to their high fibre volume 
fraction (low porosity). 
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fibre mat (Pillai and Advani, 1995). The distribution of tows was idealised 
to regular hexagonal packing. 
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Once the pressures involved in the injection procedure affect distinctly these flows, 
differences in the velocity of the flow front may be responsible for entrapping air either 
inside the tows or between them. The void formation mechanism due to differences between 
macro and micro flow-fronts will be discussed in section 2.4.1. 
The concept of the capillary number (Al-Fossail, 1990), defined as the ratio between viscous 
and capillary, or interfacial, forces (Ca = µv/ß), is frequently mentioned as a way of 
predicting which flow dominates (Davd, 1990). Bayramli and Powell (1991) suggested that if 
the capillary number is sufficiently low, surface tension forces are dominant. On the other 
hand, if this number is large, the macro-pore front flows ahead of the micro-pore front due to 
the importance of the viscous flow. 
Rohatgi et al. (1996) suggested that the use of a modified capillary number - Ca (shown as 
equation 2.32) permitted the use of this definition for comparison between any type of 
liquid/fibre system. 
Ca* = 
µy (2.32) 
a cos 0 
where 0 is the contact angle between solid and liquid. 
In case the viscosity (µ) and the surface tension (a) of the fluid are constants during the 
experiments, analysis of the superficial velocity would be sufficient. Therefore, if the flow 
front moves at a speed equal or greater than the free infiltration rate, i. e. the rate at which the 
wetting phase spontaneously displaces some of the non-wetting phase, macro-capillaries are 
filled first. In fact, according to studies by Chan and Morgan (1993b), when the macro-pore 
velocity was above 0.15 mm/s, the macro-flow dominated. The critical capillary number, 
defined at the transition between capillary and viscous dominated flow, is consequently 
dependent on the rate of invasion of the wetting phase, configuration of the fibre network and 
the geometry of the pores. 
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2.4.1 VOID FORMATION MECHANISM 
Among the possible causes of void formation, injection pressure, temperature of the mould 
(influencing the cure kinetics), resin properties and its interaction with the fibres, and the 
specific characteristics of the fibre reinforcement are the most frequently mentioned. 
Chan and Morgan (1993a) stated that void entrapment might appear due to flow channelling 
(creation of channels of diameter greater than the average diameter of the reinforcement due 
to fibre shifting at high flow rates), incomplete fibre wetting, geometric irregularities in the 
preform and local permeability differences. Also, the analysis of void formation in RTM is 
said to comprise a complex issue. Mechanical entrapment of air already present in the mould, 
partial evaporation of mould release agents, volatilisation of dissolved gases and moisture 
and emission of volatiles during curing are other possible reasons for void entrapment 
(Patel et al., 1995). 
Whilst large air pockets within the final part can be minimised by an appropriate tool design 
and choice of process parameters, void formation at a microscopic level is more difficult to 
eliminate. The importance of studying the capillary phenomenon in RTM is that it may be 
responsible for the entrapment of air within the composite during mould filling due to 
different resin impregnation rates within the fibre preform. 
It is common sense about RTM that a uniform front of both flows due to an appropriate range 
of mould filling rate would lead to a minimisation of void formation. According to theoretical 
studies performed by Young (1996), a value of 1 mm/s is mentioned as the most appropriate 
value for filling speed. Also, as expected, increase of surface tension is said to favour the 
micro-flow, and a capillary number near Ix 10-4 would result in a uniform mould filling. 
Other observations made by this author include that a change in the fibre tow radius 
(adjusting the tow density to keep the macro-porosity constant) does not affect the micro- 
flow. However, in case macro-flow is leading the global flow, macro-flow is larger for a 
large size of fibre tow, since the impregnation of a fibre tow with large size in the radial 
direction takes more time. 
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Carleton and Nelson (1994) mentioned differences in macro- and micro-flow even at low 
flow rates for RTM standards (4 - 16 cm/s). Also, it is said that void formation would happen 
still more readily for typical SRIM (structural reaction injection moulding, a variation of 
RTM) flow front velocities (30 - 75 cm/s). 
The possibility of macro-flow dominating over the micro-flow, the most usual case for RTM 
due to the typical velocities found in industrial applications is depicted in figure 2.4, and the 
mechanism can be described as follows: In figure 2.4(a), the flow front approaches the 
unidirectional fibrous reinforcement. As soon as the flow reaches the extreme of the fibres 
(figure 2.4b), the flow front starts to develop due to wetting, capillary pressure and injection 
pressure. At high flow rates, there will be a preferable path for the pressure to drive the flow 
between the tows (wider gaps). Although the capillary pressure within the tows would help 
the micro-flow, this additional pressure is not enough to follow the injection pressure and, 
therefore, the process of filling the gaps between the tows develops faster (figure 2.4c). 
Transversal flow, crossover stitching and knitting fibres (Patel and Lee, 1995) may drive the 
flow to enclose air (voids) inside the tows (figure 2.4d). These voids are usually called micro- 
voids due to their localisation, inside the tows. On the other hand, if the micro-flow 
dominates over the macro-flow, the voids (dry spots) would appear between the fibre tows. In 
this case, the voids would be called macro-voids. 
Macro-voids (size 10'3 - 10"' cm2) exhibit a small aspect ratio (defined as the ratio between 
the largest and the smallest dimension in the void) tending to a spherical shape, whilst micro- 
voids (size 5x 10-6 - 10-4 cm2) have a rod-like structure, usually aligned along the fibre 
direction, with a much larger aspect ratio, tending to a cylindrical shape (Chan and Morgan, 
1993a; Chen et al., 1995b). 
Whilst macro-voids can be greatly minimised by an appropriate mould venting method or 
resin bleeding, micro-voids are governed by the viscous and surface tension forces acting 
around the fibre bundle (Lundström, 1996). Secondary displacement of the micro-voids will 
require a decrease in the value of the surface tension, an increase in viscosity or velocity of 
the displacing phase or an increase of the miscibility of the two phases (Dave, 1990). 
Besides, voids, or bubbles, will tend to be confined in low-pressure gradient areas in 
mouldings with variable pressure gradient. 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 56 
II - Literature Survey 
Flow 
front 
º 
(a) ý_ (n) 
(c) 
- 
__ 
ý`- __ , 
"' 
ýý1 
Figure 2.4 Schematic representation of the flow in a fibrous preform with 
macro-flow dominating over micro-flow 
In order to illustrate the microscopic displacement of the non-wetting phase during an 
infiltration process, Dave (1990) mentions the pore doublet model (figure 2.5). For high 
impregnation rates, the wetting phase will preferentially move through the large capillary of 
the doublet. trapping non-wetting fluid in the smaller capillary (Molnar et al., 1989). 
However, if the impregnation of the wetting phase occurs at low rates, non-wetting fluid can 
be trapped in the larger capillary, once capillary forces dominate over viscous forces (µv). 
This is an equivalent approach to the dimensionless capillary number (Ca). The secondary 
displacement of the trapped phase is possible as long as the viscous forces arc sufficiently 
larger than the capillary forces. 
In a study by Mahale el at. (1992) it is suggested that void content is a function of the 
capillary number characterising the flow process. In their work, the critical capillary number 
at the onset of void formation found in the radial in-plane flow in a non-woven glass fibre 
network with different average filament diameter and sizing was Ca - 2.5 x 10"3. Below this 
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number the volume fraction of trapped voids increases exponentially with capillary number; 
above this value, negligible entrapment of'voids is observed. 
Flower 
Figure 2.5 The pore doublet model (Dave, 1990) 
Rohatgi et al. (1996) found that for axial now in unidirectional stitched fibre-glass mats, 
microvoids were formed at higher now rates (Ca* > 10-3) by a mechanism wherein the 
leading flow-fronts between the tows diffuse into the fibre tows and meet with the lagging 
flow-fronts within the tows (called round-up mechanism). For transverse now two types of 
micro-void formation mechanism were identified: (a) For Cat < 10-2 micro-voids were 
formed primarily because of the lead-lag at the flow front, followed by cross-flow of the 
, liquid leading in the stitches into the fibre tows by capillary action; 
(b) At Ca* > l0"2 
microvoids were trapped mostly because of the macro-flow around the fibre tow being 
completed before the micro-flow could displace all the existing air within the tows. 
The adverse consequences of a high void fraction in the final part are likely to be noticed on 
the properties (Wu ef a!., 1997), performance and finish of the part. Moreover, the voids will 
ease the penetration of water that, by a plasticizing effect, will cause variable strength 
properties. Considering that water-soluble sizing components on the glass, for instance, are 
crucial to increase the interfacial bonding, the moisture absorption must be avoided. Current 
RTM practice regarding minimising the presence of voids recommends resin degassing prior 
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to impregnation, vacuum assistance during impregnation, positive pressure following mould 
fill and during heating and curing, and purging the cavity with an excess of resin following 
first fill (Rudd et al., 1997). 
It can be assessed that further microscopic flow studies are still required in order to fully 
understand their influence on the properties on the final moulded parts, especially the 
relationship between micro-flow and the amount of trapped air in composites. 
2.5 MATHEMATICAL MODELLING OF MACRO- AND 
MICRO-FLOW IN RTM 
The pressure distribution in the fibrous medium must be known whenever the resin flow is to 
be modelled. As described by Dave (1990), there are two main approaches for predicting 
resin flow behaviour in composites. The first one is based on approximations of the 
lubrication theory (Simacek and Advani, 1996; Bruschke and Advani, 1993; Chandler et al., 
1992) and the other, on the volume-averaged Darcy's Law. This second approach seemed to 
be in better accordance with experimental evidence and became more used, being mentioned by 
a number of authors (Lekakou and Bader, 1998; Gauvin et al., 1996; Calhoun et al., 1996; 
Chan and Hwang, 1993; Chan and Morgan, 1993a; Chan and Morgan, 1993b). 
Relatively simple flow cases allow an analytical solution to be found for the pressure field. 
However, numerical analysis is necessary to find the pressure distribution within the filled 
domain for complex flow fields, with irregular boundaries or unusual stream conditions. The 
different standard techniques of modelling the RTM process found in the literature are based 
on finite differences, boundary elements (Um and Lee, 1991; Papathansiou, 1997), finite 
elements with a control volume (Bruschke and Advani, 1990; Bruschke and Advani, 1991; 
Young et al., 1991) and pure finite elements (Golestanian and El-Gizawy, 1998; Lin et al., 
1998). Other references (Yu and Young, 1997; Chan and Hwang, 1993) have included non- 
isothermal effects and heat transfer across the mould wall boundary in the filling process as a 
tentative to reduce cycle time and enhance property uniformity of the part. A few computer 
packages are also available to simulate mould filling and reaction kinetics such as 
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RTMFLOT (Trochu et al., 1997), LCM and LIMS (Rudd et al., 1997). It is important at this 
point to remember that, as quoted by Gauvin et al. (1996), flow predictions are as good as the 
accuracy of the permeability value entered in the simulation. 
As defined by White (1994), the finite difference (FD) method divides the flow field (resin 
saturated area) into equally spaced nodes separated by a finite distance and approximates the 
partial derivatives in a physical equation by 'differences' between nodal values. The partial 
differential equation is thus replaced by a set of algebraic equations, linear for potential flow 
and usually non-linear for viscous flow, for the nodal values (Sherman, 1990). The solution is 
usually obtained by iteration. The flow front is then advanced to update the saturated domain 
using the fluid velocities from Darcy's law. 
There is a choice of finite difference formulations available when establishing the algebraic 
equations (Massey, 1983). For instance, if the öP/äx term in equation 2.20 is to be replaced 
by a finite difference quotient computed at the grid point i, j (refer to figure 2.6), three 
options are available: 
raPl 
Forward difference: IJ= 
P1+t,; - Pi,; 
(2.33) 
(aPl41 Pi, ý - Pi-i, j Backward difference: I)= AX (2.34) 
aP P; +l,, - Pi-l, j Central difference: IJ= 2Ax (2.35) 
An accurate description of the moving flow front can be obtained but this method is time 
consuming since a new FD mesh must be generated at each time step. Although this method 
can be implemented for two-dimensional geometries with regular boundaries, more complex 
mould geometries are troublesome, usually requiring the use of a boundary-fitted co-ordinate 
system. 
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Two particular aspects of the FD method that require particular care when performing this 
numerical procedure (Massey, 1983) are: 
(a) Errors: Either round-off errors (since calculations can only be performed to a finite 
number of significant figures) or discretisation errors, defined as the difference between the 
exact analytical solution of the partial differential equation and the solution derived from the 
corresponding algebraic equations, assumed free of round-off errors; discretisation errors 
depend on the fineness or coarseness of the chosen grid, the speed with which flow variables 
change with respect to time and space and also on the sophistication of the relationships 
chosen to represent the difference quotients. 
(b) Stability: If the computational procedures give results which converge in a consistent way 
on the exact solution the numerical technique is described as stable. In practical terms, an 
exact solution is rarely achievable, instead, a solution that approximates the exact solution 
within a specified level of accuracy is considered to be satisfactory. 
A relatively new and extremely active part of current numerical-analysis research is based on 
the finite element (FE) method, which instead of working with the differential equations 
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a particular node i, j (Massey, 1983) 
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directly, it is based upon integral formulations, using weighting functions of the differential 
equations. This method is applicable to all types of linear and non-linear partial differential 
equations by approximating the unknown field variable (pressure, velocity potential, etc. ) by 
algebraic expressions valid over small, usually triangular or quadrilateral, flow regions called 
finite elements. The coefficients of the algebraic formulas are then found by minimising the 
residual errors over the entire flow field. 
The use of an unstructured grid with straight or curved elements allows the analysis of much 
more complex shapes. Individual thickness, permeability tensor and porosity can be assigned 
to each element, allowing great flexibility in the description of the component and the 
reinforcement. The main drawback of this method over the finite difference method is 
perhaps that the latter allows much more self-evident relationships between the derived 
algebraic equations and the partial differential equations they replace. In brief, the finite 
element method has become a subject in itself since it requires a more elaborated 
mathematical analysis aided by relevant software packages. 
The boundary element (BE) method requires the boundary of the filled region to be 
discretised only, greatly reducing the mesh generation effort. A boundary integral is solved to 
find the pressure distribution at the flow front, from which the internal pressure (and pressure 
gradient) can be calculated (Rudd et al., 1997). Flow is then advanced and the discretised 
flow front boundary is updated. The choice of a sufficiently small time step minimises the 
potential problem of loss in fluid mass where the flow front intersects the mould wall, 
although this will result in a significant increase in computational time. 
In such studies, idealised unit cell structures are used to represent the reinforcement, such as 
periodic arrays of cylinders or other suitable geometries, permitting the numerical prediction 
of the permeability. Regarding the idealised unit cell, it has been suggested by Ranganathan 
et al. (1996) that the choice of shape of the tow and the packing configuration influences the 
permeability (transverse permeability, in their case). Therefore, the numerical approach needs 
to represent all the relevant structural details of the real material, including the fact that the 
tows themselves are also porous, allowing flow through them, with a weave pattern and 
intrinsic packing characteristics. 
Several assumptions are usually made to simplify the mould filling process of RTM or SRIM 
(Structural Reaction Injection Moulding). The preplaced fibre mats are assumed rigid (no 
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movement or deformation within the mould) with interconnected pore spaces, resisting to 
mould filling and permeability and viscosity are assumed constant throughout the flow. The 
mould cavity is assumed to be much larger than the pore size of the fibre mat, enabling the 
use of Darcy's Law to replace the momentum equation. Moreover, since the viscosity of air is 
typically three orders of magnitude lower than that of a typical resin under usual process 
conditions, the resistance of flow due to air removal is negligible, which is valid provided 
there is sufficient venting for the escaping air (Rudd et al., 1997). 
Although the mould filling is not a steady state process, it can be regarded as quasi-steady 
state by assuming a steady-state condition at each time step. In other words, the transient 
solution is considered to be a ., sequence of steady state solutions separated by small time 
increments and the control of the time increment ensures the stability of the model (Young et 
al., 1991). 
Darcy's Law assumes plug flow and does not account for any drag effects from the walls of 
the mould since the porous medium itself usually imposes a much larger resistance to the 
flow (except for very thin parts with high porosity). Also, typical RTM flow occurs through 
an unsaturated porous medium initially containing a non-wetting phase, e. g. air, and hence, 
capillary effects have to be considered. Thus, depending on process conditions (high fibre 
volume fraction or low injection pressure, for instance), the influence of capillary pressure on 
the overall flow can be of increased relative importance. 
In fact, as mentioned by Phelan et al. (1994), most of the theoretical models found in the 
literature have problems in predicting permeability of higher fibre volume fraction preforms 
because the interactions between fibres are neglected. As highlighted by Parnas et al. (1994), 
many of the discrepancies in the literature about the use of Darcy's law may be due to 
neglecting the effects of microscopic flow phenomena in the interpretation of the 
macroscopic flow. 
Regarding the low injection pressure cases, attempts have been made to explain some of 
these effects by using generalised flow models including non-Newtonian effects (Skartsis et 
al., 1994; Cai, 1995) and capillary pressure effects (Lekakou and Bader, 1998) as well as 
splitting the flow into macro- and micro-flow (Lekakou and Bader, 1998; Chan and Morgan, 
1992b; Chan and Morgan, 1993b). 
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Analysis of the flow in a RTM mould filling process should account for all the fibres in the 
flow field. This is usually achieved by simplifying the fibrous mat as a set of parallel tubes or 
capillaries (e. g. Carman-Kozeny equation) which can be misleading due to the more complex 
pore structure. Cai and Berdichevsky (1993b) suggested that in the axial flow case 
disturbances in a previously idealised packing structure introduce openings within the bundle 
which in turn become the main flow channels, whereas in the transverse flow, disturbances 
reduce the gaps between fibres, decreasing the transverse permeability. Young et al. (1991) 
declared that there is a lack of research in this area due to computational limitations and the 
incomplete description of the fibres. 
Chan and Morgan (1992a; 1992b) carried out numerical studies simulating resin 
impregnation of non-woven bi-directional fabrics in RTM and the finite difference method 
was employed to solve the model. In their model, the global resin flow front moved along the 
macro-pores with subsequent radial penetration into the tow through the micro-pores 
(figure 2.7). Macro-flow and radial penetration into the fibre tows were described using 
Darcy's law. These same authors (Chan and Morgan, 1993b) re-applied the model for 
analysing impregnation of fibre tows of bi-directional non-woven fabrics during RTM. 
However, the discussions focused once more only on applied pressure flow, neglecting 
capillary flow and wetting effects. 
global flow direction 
radial flow into 
axial tow 
sin 
ooo 
radial flow into 
transverse tow 
Figure 2.7 Resin impregnation mechanism for axial 
and transverse tows (Chan and Morgan, 1993b) 
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The finite difference method was employed to solve the model. The macro-pore flow front 
was increased by a constant value at each new time step. Then, the new pressure distribution 
in the macro-pores and the micro-pore front distribution for axial and transverse tows were 
calculated, where the macro-pore velocity distribution was obtained from a mass balance. 
These authors suggested that in RTM systems, where the mould length is large, radial flow 
would dominate over axial flow in the micro-pores for the most part of mould filling and, 
therefore, the participation of the axial term in the equation for pressure distribution within 
the tow is neglected. Bin&truy et al. (1998) also stated that under normal RTM conditions, 
after a minimal critical position of the macroscopic flow front has been reached the main tow 
impregnation process is transverse compared to fibre axis. 
The hypothesis of considering only transverse micro-flow inside the bundles proposed by 
Chan and Morgan (1993b) is somehow in contradiction with the conclusions of Nowak and 
Chun (1992). These latter authors highlighted the importance of local axial infiltration (along 
with the radial infiltration) of the flow front in radial impregnation of fibre tows with high 
fibre content, otherwise, significant underestimation of the time necessary for bundle wet-out 
is likely to occur. Chen et al. (1995a) also regarded the nature of liquid penetration inside 
fibre bundles as irregular and three-dimensional, being a combination of transverse and axial 
fibre penetration. 
A mathematical model was proposed by Lekakou and Bader (1996) to describe the macro- 
and micro-infiltration in rectilinear and radial RTM where separate permeabilities and 
capillary pressures were considered for the macro- and micro-flow. Darcy's law was 
employed for both macro- and micro-flow taking also into account capillary pressures and 
wetting effects (see also Lekakou and Bader, 1998). Furthermore, the flow-rate (Q) at each 
numerical position i was split between macro-flow, transverse and axial micro-flow on the 
basis of a mass balance (Qtot = EQ; ) and a combination of available permeability and local 
total pressure difference. 
The mass balance approach was equivalent to network models (Lekakou, 1987; Shah and 
Yortsos, 1995) for Poiseuille flow of Newtonian viscous fluids, where the fibrous 
reinforcement is represented as a network of capillaries united by converging or diverging 
junctions. The network model is based on a structural decomposition of the final aimed 
geometry into a network of single units of some basic geometrical shapes through a simpler 
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and less time consuming computational effort when compared to other three dimensional 
methods, such as 3-D finite elements. 
Common mechanical pressures are considered at junctions and mass balances are carried out 
for each junction. Pressure drops are associated with the bonds of the network and the 
volumetric flow-rate in each branch is proportional to the branch conductance (g; ), defined in 
equation 2.36. 
x; A; 
bi - µl; 
(2.36) 
where x; is the permeability, A; is the cross-sectional area, µ is the fluid viscosity and i is the 
filled length in branch i. The flow rate in each branch was taken as the product of the branch 
conductance and the pressure difference in this branch (see equations 2.37 - 2.40). 
The flow of Newtonian impregnating liquids at low flow rates and injection pressures was 
described by Darcy's Law (see equation 2.37). The analysis, thus, was applicable to very low 
pore Reynolds number, Rep. Other assumptions made were: there was no air resistance at the 
flow front and fibre twist in the bundles and defects in the bundles or filaments were 
neglected. 
Qi = 
KA V(Pm + PV, + Pc,; ) (2.37) 
µ 
Distinct flow fronts were considered for the macro-flow, axial micro-flow and transverse 
micro-flow. The flow for the rectilinear case was modelled according to the following 
equations: 
Macro-flow - Rectilinear: 
Q_ 
Axma dPma 
(2.38) 
ma - µ dx 
Boundary conditions: At x=0 (inlet) Pm8 = P. 
At x= Xfma (outlet) Pma = Pv + Pc, ma 
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Micro-flow - Parallel to fibres: 
Qmia = 
ANtowirr2tow Kmia LW 
(2.39) 
14 ALtow 
Boundary conditions: At x=0P=P. 
AtX=Xf, 
mia=> P=R, +Pc, mia 
Micro-flow - Transverse to fibres: 
Qmit = 
27rtLtowKmit (Pma - Pv - Pc, mit) (2.40) 
µ log(rtow / rtow, f ) 
The Carman-Kozeny equation (equation 2.24) was employed for evaluation of the 
permeability, with Kozeny constants (K0,, = 0.5 and K, t = 10 for micro-flow and Koma = 0.5 
for in-plane macro-flow). The capillary pressure values were taken from the Young-Laplace 
equation (equation 2.28) and the form factor (F) for macro-capillary in-plane flow across the 
fibrous reinforcement was arbitrarily taken as being equal to 3. 
The finite difference technique was used to solve the problem numerically and only the case 
when the macro-flow was leading the flow was examined. At every time step, the flow 
position was increased by a constant length, being the first guess in the trial and error 
procedure to split the flow-rates. The summation of all time steps (filling time) and length 
(filling length) steps during the simulation allowed the calculation of a global apparent 
permeability under constant injection pressure (equation 2.41, for rectilinear flow), which 
was equivalent to the global permeabilities measured in the rectilinear or radial flow 
experiments followed by visual observation of the flow front. 
Kapp = 
Xff 2 PE (2.41) 
2tf£ (Pm, 
o + 
Pv 
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Their main conclusions can be summarised as: micro-impregnation times increased as the 
resin front moves away from the inlet port; an increase in the fibre volume fraction and a 
decrease in the fibre tow diameter usually led to a lower macro-permeability but higher 
macro-capillary pressure. A preferential channelling of the flow into the macro-pores as the 
injection pressure increased was considered responsible for increasing apparent global 
permeability values. This effect would be favoured by high macro-permeability at low fibre 
volume fractions and high macro capillary pressures at small fibre tow diameters. 
In another paper by the same authors (Lekakou and Bader, 1996) the proposed mathematical 
model included inertia effects for high flow-rates and pressures. The results showed that 
inertia effects are usually negligible due to the low Reynolds number of the flow present 
under usual RTM conditions. 
Binetruy et al. (1997) also studied the interactions between micro- and macro-flow during 
RTM. The major conclusions based on theoretical investigations on the modelling of the 
hydrodynamic interactions between flows were that micro-flow effects in saturated preforms 
can be neglected for typical woven fabrics and there is a velocity drop in the macro-pores due 
to a transverse impregnation of the tows in the region close to the global flow front. This lag 
in the macro-pores would be a function of both tow transverse permeability and the bounding 
macro-pore permeability. Also, tow impregnation is suggested to have a marked effect on the 
overall permeability, especially for high fibre volume fractions. 
Chang et al. (1997) carried out a numerical study on the axial impregnation of resin into a 
unidirectional packed fibre mat at a low flow rate or low injection pressure, considering the 
interaction between macro- and micro-flow. The flow was described by Darcy's Law and the 
simulation was based on the body-fitted finite element method. 
Gebart (1992) studied analytically the permeability of a idealised unidirectional 
reinforcement consisting of regularly ordered, parallel fibres for flow along and 
perpendicular to the fibres and carried out a numerical computation of permeability, by using 
a finite difference fluid flow code Harwell-FLOW3D which solves the Navier-Stokes 
equations in a boundary fitted co-ordinate system for flow perpendicular to fibres. 
Berdichevsky and Cai (1993) proposed a model using the self-consistent method (see also 
Cai and Berdichevsky, 1993a; Cai and Berdichevsky, 1994) for estimating the resin flow 
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permeability of idealised fibre tow preforms, in the axial and transverse directions. Stokes 
flow is applied to the fluid region and Darcy flow is considered in the tow region and in the 
outside homogeneous medium. It was concluded that in most cases the contribution from the 
flow through fibre tows is relatively small and, therefore, the treatment of the flow could be 
simplified. 
Phelan et al. (1994) modelled the micro-scale-flow in unidirectional fibrous porous media by 
simulating the axial flow through rectangular arrays of porous elliptical cylinders. Stokes and 
Brinkman equations (Brinkman, 1947) were used to model the open medium surrounding the 
tows and the flow inside the tows, respectively. A finite element method with linear 
triangular and quadrilateral elements was used to solve the equations. Some results were: the 
overall bed permeability increased with tow permeability and the relative increase became 
larger as inter-tow packing increased; the influence of the intra-tow permeability increased 
also with the degree of tow ellipticity; and, the more resistive the network flow geometry 
outside the tow, the larger the effect of intra-tow properties on the overall permeability. 
An important effect of the crossing threads (only 2% of the weight of the reinforcement) on 
decreasing the axial flow permeability was regarded to be a surprising result. Their 
explanation suggested that this was a consequence of the position these threads occupy in the 
flow channel between the tows, acting as a periodic screen for the bulk flow. 
In further studies by Phelan and Wise (1996), a semi-analytical model based on the 
lubrication analysis was used for predicting the transverse permeability of rectangular arrays 
of porous cylinders. The model predicted that the tow cross-sectional shape influences the 
resistance of the flow network, and this influence increases for more elliptical tow 
geometries. Also, the more resistive the network flow geometry outside the tow, the larger 
the effect of intra-tow properties on the overall permeability. 
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Chapter III - Materials and Experimental Methods 
This chapter is divided into three main sections: (a) A description of the fibrous materials 
used in the various experimental set-ups, the infiltrating fluids and important properties of 
these materials regarding the infiltration process. A description of the methods of 
measurement of these properties is also given; (b) A description of the experiments of 
capillary infiltration of a vertical single fibre-yam and a fabric and unidirectional infiltration 
experiments in a resin transfer moulding set-up; and (c) Laminate characterisation including 
bum-off tests, microscopy of produced composites and image analysis of micrographs. 
3.1 MATERIALS 
3.1.1 FIBROUS REINFORCEMENT 
Two different glass-fibre fibrous reinforcements, presented in figure 3.1, were used 
throughout the experimental work, a plain-woven glass-fibre fabric and a stitched 
unidirectional fibre tow mat. Some experiments were carried out with a single fibre-yarn, 
which was extracted from the plain-woven fabric. These reinforcements are detailed below. 
3.1.1.1 PLAIN-WOVEN GLASS-FIBRE FABRIC 
This fabric (see figure 3.1a) was supplied by Fothergill Engineered Fabrics and its main 
properties, as supplied by the manufacturer, are shown in table 3.1. Due to its weave pattern, 
this kind of fabric shows a high degree of stability, with rather poor draping capabilities. 
This fabric has identical warp and weft yarns whereas each yarn is obtained by three bundles 
twisted together and the bundles consist of hundreds of continuous E-glass fibre filaments 
9 µm in diameter. Although there is a slight difference between the number of picks and ends 
in a square meter, this fabric is still regarded as isotropic. The diameter of the final coated 
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fibre filament (; zý 10.5 µm) was estimated by optical microscopy and dynamic contact angle 
analysis (see section 3.1.3.4). 
The used fabric contains a methacrylato chromic chloride (Volan) finish applied after 
weaving to enhance fibre compatibility/adhesion to polyester, epoxide and vinylester resin 
systems and aid handling (Fothergill Engineered Fabrics). This fabric was used for rectilinear 
RTM experiments and vertical capillary infiltration. 
Table 3.1 Properties of the used plain-woven glass-fibre fabric 
Fabric type Y0212 
Weave Plain 
Areal density (Pa) ' 0.546 kg/mz 
Fabric thickness 2 4.8 x 104 m 
Warp yarns 136x3 EC9 tex - 670 ends/m 
Wert yams 136x3 EC9 tex - 630 picks/m 
Number of filaments in a yam 3 2090 
Filament diameter (DI) 4 10.5 x 10-6 m 
' Defined as the weight in kilogram of aI square metre of fabric 
2 Measured at a standard compression loading 
3 Lekakou and Bader (1998) and internal communication, 1999 
4 Measured in this work with the aid of DCA equipment 
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Figure 3.1 Photograph of the two glass-tlbre remiorcements uses in this worx: (a) riain- 
woven fabric; and (b) Unidirectional stitched fibre mat 
Chapter III - Materials and Experimental Methods 
3.1.1.2 STITCHED UNIDIRECTIONAL FIBRE TOW MAT 
Used as received from Park Hill Textiles Ltd in a series of RTM experiments, the results of 
which are presented in section 8.1. The properties of this reinforcement, shown in 
figure 3.1b, are presented in table 3.2 as supplied by the manufacturer. 
Table 3.2 Properties of the used unidirectional stitched fibre mat 
Weave Bi-axial 
Width 0.33 m 
Areal density (pa) 0.220 kg/m2 
Warp yarns - Bright polyester 550 Dtex - 118 ends/m 
Weft tows - E-glass 1200 tex - 157 picks/m 
3.1.2 INFILTRATING FLUIDS 
The fluids used for impregnating the reinforcement in either capillary or resin transfer 
moulding experiments were silicone oil and epoxy resin, detailed below and depicted in 
figure 3.2. All experiments were conducted at room temperature. 
3.1.2.1 SILICONE OIL 
A water clear silicone oil (dimethyl siloxane polymer) fluid from Dow Corning® was used in 
most experimental runs of this work. The reference sheets from the manufacturer report a 
specific gravity of 0.96, a kinematic viscosity of 100 cSt at 25°C, and a surface tension of 
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20.9 x 10 N/m. Silicone oil has been widely used as an ideal Newtonian fluid for 
permeability measurements along with other synthetic oils. 
3.1.2.2 EPOXY RESIN 
Epoxy resins are extensively used as protective coatings for other materials, as substances for 
sealing or encapsulating (Campbell, 1994), for adhesives and as the bonding agents of glass 
fibre. For mainstream structural applications, epoxies offer an excellent compromise on the 
basis of cost, processing and properties and as they have been widely used in polymer 
composites for aircraft applications since the early 1970s, substantial data exist concerning 
their properties and in-service performance (Rudd et al., 1997). 
CH3 
Si -p 
CH3 
n 
(a) 
Figure 3.2 
/o\ 
CH2 - CH 
(b) 
chemical structure 
silicone oil; and (b) Epoxide ring, a characteristic 
group found at each end of an epoxy polymer 
Whenever a hard composite plaque was to be produced, the hot-curing epoxy matrix system 
consisted of Araldite® LY 564, a bisphenol A epoxy resin (p = 1100 - 1200 kg/m3 and 
1.0 - 1.4 Pa s) containing a reactive diluent, and hardener HY 2954, a cycloaliphatic 
amine hardener (p = 940 - 950 kg/m3 and µ=0.07 - 0.12 Pa s), from CIBA polymers. The 
recommended mix ratio is 100: 35 (Araldite®/hardener) parts per weight. Most infiltration 
experiments were carried out with the epoxy resin only (Araldite® LY 564) so that the 
viscosity was constant during the experiment. 
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3.1.3 PROPERTIES OF THE FLUIDS 
A few important properties of the infiltrating fluids were measured prior to experimental 
runs, including density, viscosity, surface tension and contact angle with glass-fibre. These 
properties are separately described below and the values found are presented in table 3.3. 
Most definitions used in this section have been extracted from Chambers (1993). 
Table 33 Properties of the wetting fluids 
Liquid Densit (kg/m3) 
Viscosity 
(mPa s) 
Surface tension 
(N/m) 
Contact angle 
with E-glass 
Silicone oil 850-855 105-125 23 x 10"3 21° 
Epoxy resin 1130-1133 1600-2200 44 x 10"3 57° 
3.1.3.1 DENSITY 
A material property of the fluid defined as the ratio of the mass of a material to its volume, 
expressed in kg/m3. Density has been experimentally measured by weighing known volumes 
of liquid and an averaged result is presented in table 3.3. 
3.1.3.2 VISCOSITY 
Defined as the resistance of a fluid to shear forces, and hence to flow. The silicone oil and the 
epoxy resin used in the infiltration experiments behave as Newtonian fluids in the 
temperature range of interest to this work, which means that the flow shear force is 
proportional to the relative velocity between the two surfaces on either side of a layer of 
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fluid, the area in shear, the viscosity of the fluid and the reciprocal of the thickness of the 
layer of fluid. The viscosity or coefficient of viscosity, µ, is defined according to equation 3.1 
and, for normal ranges of temperature, p for a liquid decreases with an increase in 
temperature and is independent of the pressure. 
_d 
-ý Y 
µ-T dt 
(3.1) 
where ti is the shear stress, (dy/dt) is the shear rate. The shear stress is equal to the shear force 
divided by the area over which it acts and the shear rate is equal to the velocity gradient over 
the layer of fluid. 
As suggested by analysing Darcy's law (equation 2.1), viscosity is one of the most important 
properties of fluids considering liquid moulding processes, such as RTM. Viscosity testing is 
available using relatively low cost equipment, viscometers, available in a variety of forms 
using parallel plates or concentric cylinders or cones. The viscosity is determined by 
measuring the torsional resistance of the fluid at a pre-set shearing rate, which can be 
adjusted via the motor speed and/or increasing or decreasing the diameter of the 
stirrer (Rudd et al., 1997). 
Viscosity measurements in this work were carried out using a syncro-electric Brookfield 
viscometer, which is a concentric cylinder type of viscometer. The manufacturer stresses a 
few points to remember when performing measurements for obtaining accurate viscosity 
values: (a) a 600 ml glass beaker (internal diameter 80 mm) should be used as the container 
of the fluid; (b) the viscometer has to be perfectly levelled whilst being used; and (c) the 
spindle should be perfectly centred within the test sample container and immersed in the fluid 
exactly to the line marking on the spindle shaft (Brookfield Viscometer Handbook). 
Viscosity readings (usually at a frequency of rotation of 10 rpm) were taken before each 
capillary and RTM infiltration experiment and, in the case of long-term experiments, also at 
regular time intervals. Both silicone oil and epoxy proved to be Newtonian fluids since their 
viscosity remained constant (within ± 5%) in viscosity experiments carried out at different 
shear rates (frequency of rotation from 1.5 to 12 rpm). To prevent viscosity changes, no 
curing agent was added to the epoxy in the infiltration experiments, unless otherwise stated. 
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3.1.3.3 SURFACE TENSION 
The relatively short length of time between the macroscopic impregnation of the preform and 
the rapid viscosity rise which accompanies the curing reaction is one of the limitations of 
liquid moulding processes compared to those based on pre-impregnated materials. As a 
consequence, the time available for fibre wetting and development of a strong fibre-matrix 
interface is limited, making the understanding of the wetting process important to prevent a 
reduction of the mechanical performance of the composite (Rudd et al., 1997). 
Surface tension occurs due to unbalanced molecular cohesive forces near the surface and can 
be thought of as if the liquid surface is covered by a thin elastic membrane in a state of 
tension. A liquid is expected to wet and spread over a solid surface if the surface energy of 
the solid is lower than the surface energy of the liquid. The surface tension is measured by 
the force acting across unit length in the surface (Chambers, 1993; Gaines, 1966). Although 
there are other methods to measure surface tension, such as the capillary pressure method 
studied by Liggieri et al. (1995), the DuNoüy ring method is usually mentioned in the 
literature. 
A DuNoiiy ring tensiometer was used to measure the surface tension of liquid in this study. 
The DuNoiiy ring method was first described by Lecompte Du Noily in 1919. Brennan and 
Tipper (1967) describe the methodology of using a DuNofly ring tensiometer to measure the 
maximum force which surface tension can exert on a wire ring, as it is withdrawn from the 
surface of a liquid. The ring (platinum-iridium, in this work) has a known radius R1 and is 
made of a wire of radius r1, and its dimensions are such that Rf » rr. The plane of the ring is 
horizontally aligned to within ± 1° relative to the surface of the liquid, being necessary that 
the ring is wetted by the liquid (zero or near zero contact angle). 
This method is still used nowadays, although with modern, more accurate equipment. A 
KRUSS digital tensiometer - K10ST (see figure 3.3) was used to measure the surface tension 
of liquids in this study. Basically, the sample vessel has to be lifted until the ring dips into the 
test liquid; as the sample vessel is slowly lowered using the sample elevation knob until the 
pointer of the zero adjustment display moves to negative values, the servomotors that 
automatically perform the measurements are activated. When the zero position indicator 
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comes to zero, the servomotors stop and the surface tension value is displayed on the digital 
readout. As mentioned by Adamson (1990), a correction factor, from standard tables, 
bas to be applied to the reading in order to account for the weight of liquid which is 
lifted by the ring. 
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Figure 3.3 Diagram of the digital tensiometer: (a) zero 
adjustment knob; (b) control knob for digital readout, (c) digital 
readout; (d) lid; (e) ring/plate suspension device; (f) Pt-100 
thermometer; (g) thermostat chamber; (h) bubble level; (i) sample 
elevation knob; (j) front panel; and (k) turning feet for levelling 
Although out of the scope of this work, it is interesting to mention that Cherry (1981) 
mentions that for highly viscous polymer liquids, energy has also to be consumed in bringing 
about viscous deformation of the liquid during the stretching process at the surface and 
therefore modified experimental techniques which allow for a very carefully controlled rate 
of deformation are used. 
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3.1.3.4 CONTACT ANGLE 
In order to achieve useful mechanical properties the resin must wet the individual fibres and 
form a strong interfacial bond. This is influenced by the surface energy of resins and fibres 
and is particularly important in high fibre volume fraction structures where capillary flow is 
an important impregnation mechanism (Rudd et al., 1997). A useful indication of the degree 
of wettability of the fibres is provided by the contact angle. A low contact angle implies a 
good wetting between the fibre and the liquid and a low value of surface tension for the 
liquid is expected to improve void elimination during impregnation (Hammond 
and Loos, 1997). 
Contact angle values were determined by the single fibre pullout test or the Wilhelmy plate 
method (Batch et al., 1996; Hsieh, 1995; Sauer and Carney, 1990; Seebergh and Berg, 1992) 
using a dynamic contact angle analyser, DCA - 322 CAHN, where a balance measures the 
wetting force exerted on the fibre (FN, ) when contact between the test fluid and the fibre 
occurs (figure 3.4). 
In practical terms, the fibre is suspended on a balance and the fluid in a beaker is slowly 
(50 pm/s) moved upwards via a movable platform, which will eventually make the fibre 
contact the fluid surface (indicated by a sharp increase in the FW readings); this experimental 
procedure produces a measurement of the advancing contact angle. The remainder of the 
experiment involves lowering the movable platform back to its original position, with new 
measurements of FN which are used to characterise the receding contact angle. 
The equipment records the force on the balance and the contact angle is given by: 
aSV ° aSL + ßLV COS 0 (3.2) 
at equilibrium 
and 
cos 0=FW/ aLV4 f (3.3) 
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where: o,, is the surface tension of the solid-vapour interface, ßsi. is the surface tension of 
the solid-liquid interface, and ai, v, or simply a, is the surface tension of the liquid-vapour 
interface. of is the perimeter of the fibre (;:: L. 33 µm) and has been determined by using 
standard fluids, such as hexadecane, with known surface tension and low contact angle 
(0 < 200). Alternative methods to measure contact angle include visual observation under the 
microscope of a droplet of liquid resting over a single fibre filament (Lee and Chiao, 1996; 
Ogawa and Ikeda, 1993), amongst others (Kanarskii and Larionova, 1995). 
As mentioned by Steenkamer et al. (1995), despite the attractiveness of using the contact 
angle as a direct indication of the degree of wetting, 0 is actually the result of three 
independent parameters, 6sv, as,., and ai. v. Besides, according to Ilsieh (1995), surface 
wettability of any fabric containing a single fibre type is identical to the wettability of its 
constituent single fibres and therefore the values found for the single fibre filament were also 
applied to the fibre yam and fabric. 
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Figure 3.4 Schematics of the forces involved in 
the wetting of a single fibre filament. This 
schematics applies for the receding contact angle 
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3.2 INFILTRATION EXPERIMENTS 
Two different sets of experiments were developed: 
(a) Capillary infiltration experiments: Here, the Wilhelmy principle was used to follow the 
progress of the height, or weight, of the liquid rising vertically in the yam, or fabric, hanged 
in a such a way that the bottom extreme was touching the liquid. The analysis of data yielded 
values for the permeability and the capillary pressure; 
(b) RTM infiltration experiments: Rectilinear flow mode injections of liquid at constant 
pressure were carried out to determine the in-plane permeability and capillary pressure for an 
assembly of plain-woven fabrics. The unidirectional fibre tow mat was also used in RTM 
infiltration experiments. These experiments are separately detailed, below. 
3.2.1 CAPILLARY INFILTRATION EXPERIMENTS 
These experiments were carried out with a single yarn extracted from the plain-woven fabric, 
and the fabric itself. The aims of these experiments were to determine the capillary pressure 
and permeability of the materials when subject to capillary forces only, differently from RTM 
experiments which also use mechanical pressure to help infiltration. 
3.2.1.1 EXPERIMENTS OF INFILTRATION OF A SINGLE 
GLASS-FIBRE YARN 
The experimental apparatus shown below (figure 3.5) was used to follow the axial capillary 
impregnation within a fibre yarn in two ways: (a) rise of fluid height in the yarn; and 
(b) weight increase of the assembly (fibre + fibre support). 
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Basically, the experiment consisted of suspending one single yarn partially immersed in the 
wetting liquid and, as the liquid uptake occurred due to the capillary pressure only, weight 
and height readings of the column of liquid were continuously taken. The experiments were 
conducted isothermally at room temperature. Similar experimental approaches can he found 
in the literature (Batch el al., 1996, Bayramli and Powell. 1991). 
An electrobalance was used to follow weight changes of Ix 10-4 g. The ruler could follow 
height changes of I nom. The fibres were not encapsulated with adhesive tape. Nevertheless, 
the fibres were carefully removed from the original fabric, cut in the desired length and one 
extreme was attached with adhesive tape to the fibre support and the other to the weight. 
Once the fibre yarn was prepared, it was attached to the support in such a way that the weight 
and a small length of fibre would be below the level of liquid inside the beaker. Then, the 
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Figure 3.5 Experimental apparatus to measure weight and 
fluid height changes 
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liquid level was slowly increased, until a visible meniscus around the yam was formed and, 
at that time, the current values for height and weight were considered the initial values and 
the stopwatch was started. Height and weight changes were . .. recorded as a 
function of 
time for variable periods. This experimental procedure has an additional advantage of 
reducing, or eliminating, the influence of the wetting forces, present in the early stages of the 
impregnation process. 
Although glass capillaries to arrange the fibres (Hsieh, 1995; Batch et al., 1996; Carleton and 
Nelson, 1994) and taping of the fibre yarns (Bayramli and Powell, 1991; Bayramli and 
Powell, 1992) have been mentioned in the literature, in this work these techniques were 
avoided in order to prevent a possible influence of edge effects inside the capillaries. 
On the other hand, extra care had to be paid to avoid fraying of the yarn, which would change 
the flow characteristics, and the cross sectional area of the capillary became an extra variable 
to be measured. A small weight was attached to the free end of the fibre as an attempt to keep 
the fibre yarn straight while not overloading it. 
The fibre yam used was obtained from a strand of plain weave fabric used (see table 3.1) as 
received from Fothergill Engineered Fabrics Ltd. The porosity of the yarn (ey) was estimated 
according to equation 3.4. 
2 
Ey =1- 
ATf 
=1- 
R2 (3.4) 
Ay b 
where: ATf = total cross-sectional area occupied by fibre filaments, Ay = cross-sectional area 
of the fibre yarn, N= number of filaments per yarn, Rf = filament radius (m) and 
Rb = estimated yam radius (m). In case Rb is not known, Ay can be estimated by the 
following relation: Ay = ATf+ ATv, where AT is the total area of voids in the fibre yarn. 
Figure 3.6 shows a micrograph taken at a high magnification (20x) of an epoxy hardened 
warp fibre-yam and two important features are easily identifiable: (a) the diameter of the 
fibre filaments shows a reasonable variation; and (b) The pore spaces between fibre filaments 
within the yam are highly variable not only in shape but also in size. Thus, one has to bear in 
mind that whenever value of the diameter of the fibre filament is mentioned in this work, it 
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refers to an average value obtained with the dynamic contact angle analyser (as described 
in section 3.1.3.4). 
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Figure 3.6 Micrograph of the cross- 
sectional area of' an epoxy hardened warp 
fibre-yarn showing E-glass fibre filaments 
3.2.1.2 EXPERIMENTS OF INFILTRATION OF A SINGLE 
LAYER OF PLAIN-WOVEN GLASS-FIBRE FABRIC 
The same experimental apparatus as in section 3.2.1.1 was used to measure weight and fluid 
height changes in the glass-fibre fabric itself (figure 3.7), although for the fabrics, only the 
height method was found to be useful due to the inherent difficulty to cut and submit a 
standard width of fabric to testing. 
In this case. no weight attachment was necessary since the fabric was already reasonably 
aligned normally to the liquid surface. However, manual stitching of the sides and the bottom 
extreme of the fabric had to be carried out to prevent the fabric from fraying, destroying the 
fabric architecture and losing mass due to the detachment of the lower yarns. 
The tape used on the top aimed to give the support for hanging the fibre while helping 
keeping the fabric together. No tape was used on the side edges of the fabric, because the 
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tape proved to greatly increase the rate of capillary infiltration in that region. producing an 
irregular flow front. 
The same equations for the increase in fluid height in the fabric were used as for the fibre 
yarn. The porosity of the plain-woven fabric (sf,, ) was calculated according to equation 3.5. 
eia =1- 
Pý 
t t'd Pgiass 
(3.5) 
where: pa = areal density of the fabric (kg/m2); tja = nominal thickness of the fabric (m) and 
pgiass = density of E-glass fibres (2560 kg/m; ). 
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Figure 3.7 Experimental apparatus to measure weight and 
height changes in fabrics 
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As it is difficult to accurately predict the thickness of the layer of the fabric after being 
infiltrated, in order to estimate the porosity of this single layer of fabric, a capillary flow 
experiment was carried out with epoxy resin and hardener. The fluid reached a height of 
around 20 mm before the resin cured. The part was then observed under the microscope for 
subsequent image analysis. 
3.2.2 ANALYSIS OF THE EXPERIMENTAL DATA OF THE 
INFILTRATION EXPERIMENTS INVOLVING VERTICAL, 
UPWARDS CAPILLARY FLOW 
The capillary action is influenced by the properties of the liquid, wetting characteristics of the 
fibre and geometric arrangement of the whole fibrous preform (Hsieh, 1995). The Wilhelmy 
principle has long been employed in experiments where a fabric sample is partially immersed 
in a test fluid and the liquid uptake (height rise) due to capillary forces is related to surface 
tension of the liquid, contact angle between solid and liquid and permeability of the 
infiltrating medium, in this case a single yarn or a layer of plain-woven fabric. 
A positive driving force (AP) is originated when a capillary is brought into contact with a 
liquid surface due to capillary action, being responsible for liquid rise above the surface of 
the container of the liquid (see equation 3.6), acting against the weight of the column of 
liquid. 
AP=Pc -pgh (3.6) 
where: P, = capillary pressure (Pa); p= liquid density (kg/m3); g= gravitational acceleration 
(m/s2) and h= height of liquid rise (m). 
When an equilibrium height (he) is reached, the liquid stops rising (OP = 0), and: 
Pc = Pghe (3.7) 
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A similar approach described by Batch et al. (1996) for analysing data for a rising liquid in a 
capillary experiment has been followed. Combining equation 3.6 with equations 2.4 and 2.5, 
and substituting the interstitial velocity for the velocity of the rising front of the liquid (dh/dt) 
and the length of the flow by the height, one would have: 
dh 
_xP, -pgh dt µs h 
(3.8) 
and, rearranging equation 3.8, 
dh xPc 1 xpg 
dt µs h pE (3.9) 
Or, 
dh 
=ah 
1 
- bh (3.10) 
where, for a plot of dh/dt against 1/h, data should fit to a straight line with: 
slope= ah = 
fc 
and intercept = bh = 
KPg (3.11) 
µs VC 
From the slope and intercept of equation 3.10 the permeability, x, and the capillary pressure, 
P,, can be determined. 
For short times, the second term on the right-hand side of equation 3.9 can be neglected and 
this equation can be integrated to produce equation 3.12 and thus, the initial points of the 
experimental data plotted as h2 against t should fit into a straight line passing through the 
origin. 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 87 
Chapter III - Materials and Experimental Methods 
h2=2iP° 
µE 
(3.12) 
In an analogous way, equation 3.9 can be written on a weight basis (w = hpAT, ), shown 
below as equation 3.13. 
dw 
_ 
xp2ATv2Pc 1 xp2AT,, g= aW 
1_ bW (3.13) 
dt µe w µe w 
222 
where: slope = aW = 
KP AT`' Pc and intercept = bW = 
KP AT" g (3.14) 
PC µs 
Once again, for short times equation 3.13 can be integrated to produce: 
2= 21P2ATv2Pc t (3.15) 
µE 
The disadvantage of using equations 3.13 and 3.14 to estimate P, and x is that ATS, the cross- 
sectional area available for the fluid flow, has to be known. Nevertheless, once the slopes 'ah' 
and 'a' are known, ATv can be estimated according to equation 3.16, obtained by 
mathematical manipulation of equations 3.11 and 3.14: 
aw ATV _- 
P1 ah 
(3.16) 
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Upon integration of equation 3.9, the time necessary for the liquid to reach a particular height 
can be found for a particular time as follows: 
_t= 
bh2 In 1 
äh 
h+ bh (3.17) 
Or, 
(:: he 
In 1- 
h+h 
(3.18) bh he he 
where: bh = xpg/µc and he = ah/bh" 
By replacing h=0.99he in equation 3.18, the equilibrium time, arbitrarily defined as the 
required time to reach 99% of the theoretical equilibrium height, can be estimated as: 
_ 
3.62he t99 
bh (3.19) 
In all, after data for the height and weight rise with time has been collected for sufficient 
length of time to approach equilibrium, two different approaches can be followed: 
(a) dh/dt can be plotted against 1/h and a linear curve fitting, with slope 'ah' and intercept 
')hl can be used to estimate P,, according to equation 3.20. 
Pc = pg 
a ah 
h 
(3.20) 
Once Pc is measured, 'ahcan be also used to calculate the permeability, according to 
equation 3.21. Also, using equation 3.16 enables the estimation of AT, and therefore c 
(see equation 3.4). 
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K-Pah 
PC 
(3.21) 
(b) A software package with non-linear parameter fitting procedure (Origin working 
model by Microcal Software, Inc. ) can be used to fit the time against height data to 
equation 3.18, producing values for 'he', the equilibrium height, and 'bh', the intercept in 
equation 3.11, which were then used to estimate Pc and K. The same procedure is repeated 
for the weight data and new curves (fitting curves) for height against time and weight 
against time are generated. 
Following the same nomenclature as the reviewed literature, the first method mentioned 
above will be called differential method and the second, integral method. 
It is also suggested by Batch et aL (1996), that in the case where equilibrium has not been 
reached due to the long times involved, the theoretical Young-Laplace equation should be 
used in the determination of Pc and, consequently, he. Once P, is known, the experimental 
data could be used to determine the permeability. 
3.2.3 RTM INFILTRATION EXPERIMENTS USING A 
NEWTONIAN FLUID 
The RTM equipment is shown in figure 3.8, and its main features are separately discussed 
below: 
Mould: The parallel-sided, flat, rectangular composite mould has an inner cavity of 
0.548 mx0.352 m and a top 20 mm thick glass face to enable observation of the flow during 
the injection stage. The mould permits rectilinear and radial flow experiments by using its 
side or central gate, respectively. Rubber rings and various metallic spacers were used to 
control the thickness of the mould and the flatness of the produced part. Since the injection 
pressure never exceeded I bar (1 x 105 Pa) and the clamping pressure was low, mould 
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deflection is expected to have been minimum. This mould (figures 3.8 and 3.9) was used for 
the RTM experiments with assemblies of a plain-woven glass-fibre fabric the results of 
which are presented in section 8.4. 
A simpler aluminium mould, with an inner cavity of 0.346 mx0.153 m, and a 12 mm thick 
glass top (figure 3.10) was used for the RTM experiments (Johari, 1994) which were carried 
out with two layers of the unidirectional stitched fibre mat. This mould allowed the 
manufacturing of thinner composites and the results obtained when using this mould are 
presented in section 8.2. 
Pressure transducers: Four pressure transducers of piezoresistive and gauge type, RS Stock 
n. 286-670, were installed in the base of the lower mould at favourable positions to monitor 
the pressure of the rectilinear flow. A pressure transducer was also sometimes incorporated to 
the fluid injection line, close to the inlet gate. The pressure range for these transducers is 
0- 30 psi and the estimated stability over one year is of ± 0.01 bar. 
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Figure 3.8 RTM apparatus to measure capillary pressure and permeability 
of plain-woven fabrics. 1) Mould; 2) Pressure transducers; 3) Computer for 
data acquisition; 4) Pressure pot and 5) Manometer. (Composites Group, 
University of Surrey, EPSRC grant GR/J76972) 
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An ADC system linked the transducers with a PC to assemble the data. The ADC data from 
the pressure transducers is transformed into pressure (bar) by using the following 
relationship: Pressure (bar) = 0.000789ADC, according to the set-up of the PICOLOG 
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Figure 3.9 I. peer view of the main RIM mould. I' and I" are the side 
and central gates, respectively. Pi to P4 are four pressure transducers. 
The distances between I' and P4, P4 and P2, P2 and P3. and P1 and I" are 
22.86,127, and 22 mm, respectively. (Composites Group, University 
of Surrey, EPSRC grant GR/J76972) 
Figure 3.10 l upper view of the mould (l. ekakou e/ ul., 1996) 
used for R1'M experiments with the unidirectional fibre mat. 
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software which acquires data from the pressure transducers. The pressure transducers were 
calibrated with the aid of the pressure controller. 
The P11.1 against time data used in the estimation of permeability were obtained from the 
readings of the pressure transducers installed in the mould. In this work, the pressure data 
was obtained either from the pressure transducer denoted P4 (see figure 3.9), which was 
situated closer to the side injection gate (I'), or from the transducer incorporated to the 
injection line, close to the inlet gate. 
Computer: A computerised data acquisition system was used to assemble the pressure 
readings from the pressure transducers, display the results and store them. The PICOLOG 
data logging software converts the signal (one reading per second) into pressure reading 
simultaneously, facilitating the control of the process. 
Pressure pot: This pot received air pressure from the pressure line and, as a result, the 
pressurised impregnating fluid was injected through a tube to the chosen injection gate in the 
mould. 
Manometer: Situated on the top of the pressure pot, it was initially responsible for 
controlling the injection pressure. The pre-set pressure varied in the range 0.15 - 0.90 bar in 
the various runs. It was noticed throughout the experimental work, however, that there was 
an inherent inability of such equipment to be used to control the pressure. Besides, the 
accuracy of this manometer is of ± 0.1 bar, and therefore not suitable to be used to measure 
the pressure in the low-pressure experimental runs. 
Pressure controller: A Druck sub-rack pneumatic digital pressure controller (DPI 530), 
shown in figure 3.11, was used during the experiments since the pressure pot proved to give a 
poor measurement/control of the pressure. The stability of the controller was ± 0.005 bar with 
an accuracy of ± 0.05 bar. The air-line was connected to the controller, which had its outlet 
connected to the pressure pot. The valve of the pressure pot, in this new set-up, was kept fully 
opened and therefore the pressure controller became responsible for controlling the injection 
of air to the pressure pot. 
Camera: A NIKON F-301 35mm camera was used to trace the progress of the flow front and 
determine the corresponding superficial velocity through regular interval exposures. The 
camera was mounted on a tripod and placed above the mould where a glass plate permitted 
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visual observation of the flow process. Scales were placed on the upper mould frame to 
permit easy reading of the flow front position. Flow data obtained with the camera is 
expected to be more reliable than direct visual observation (Pearce el al., 1998). 
A VPC - G200E Sanyo digital camera was sometimes used for this purpose and although its 
resolution, 24-bit colour (640 x 480 pixels), was inferior to what could be obtained with the 
conventional NIKON F-301 camera, the immediate availability of the photographs (jpeg 
format) made its use an attractive alternative. 
The preform used in this part of the work consisted of a different number of rectangular 
layers of glass-fibre fabrics carefully stacked in the mould. All layers followed the same 
orientation of the fibres in relation to the mould, which was clamped with a set of four 
nuts/bolts tightened to a pre-determined clamping torque with a spanner. The rectilinear flow 
experiments through the assembly of woven fabrics were developed in the warp direction of 
the fabric and a new set of reinforcement was used in each experimental run, except for the 
experiments carried out with pre-wetted layers of fabrics. The air pressure supplied by the 
air-line was entered into the pressure controller, which had its outlet connected to the 
pressure pot. The infiltrating fluid stored in the pressure pot was then injected through a 
silicone tube to the injection gate in the mould. 
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Figure 3.11 Front view of' the pressure 
controller used during RTM experiments 
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In this work, horizontal unidirectional laminar flow RTM experiments were carried out. The 
aims of performing these experiments were twofold: (a) to predict the values of permeability 
and capillary pressure with a completely different experimental setup to that described in 
section 3.2.1; (b) to compare the results with those obtained in the capillary flow experiments 
of section 3.2.1. In order to evaluate x and P,, low injection pressures were used so that the 
contribution of the capillary pressure to the global flow would not be unnoticed. The inherent 
problem associated with one-dimensional flow, the edge effects, is separately detailed in 
section 8.4.5. 
Gauvin and Trochu (1998) mentioned two parameters to assess the reliability of 
unidirectional flow permeability measurements, namely the minimum injected length - Xmin - 
(defined in equation 3.22) and the maximum injection pressure - P; nj, m. - (defined in 
equation 3.23). 
Xmin =K 'i St (3.22) 
µ err 
e17.1 
1 
inj, max _ 
Xmin 
2 
x St 
(3.23) 
where err is the acceptable relative error in the front position at the end of injection and St is 
the time range during which the flow front position is actually measured. 
The porosity for a single type of fibre reinforcement (e) can be estimated by equation 3.24, 
below: 
E=1-Vg =1- 
NfaPa 
(3.24) 
H Pgtass 
where: Vf is the fibre volume fraction, Nfa is the number of layers of fabric, pe is the areal 
density of the fabric, H is the thickness of the mould and pgi. is the density of E-glass. This 
equation does not take into account the presence of any voids within the moulded part. 
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Trevino et al. (1991) suggested that the applicable porosity range for bidirectional fibre mats 
is between 45 to 65% and 47 to 66% for unidirectional fibre mats. For porosities higher than 
65%, the laminate is expected to become loose, creating a channelling effect when the liquid 
is injected into the mould. On the other hand, the pressure inside the mould increases 
remarkably if the porosity is lower than 45%. 
3.2.4 ANALYSIS OF THE EXPERIMENTAL DATA OF THE RTM 
INFILTRATION EXPERIMENTS 
The pressure term in equation 2.1 (Darcy's law) may be expressed as shown in equation 3.25: 
AP=Pm+Pg+Pv, +Pc (3.25) 
where AP is the total pressure difference; P. is the mechanical pressure or injection pressure; 
Pg is the gravitational pressure; P, is the vacuum pressure and P,, is the capillary pressure. 
Apart from the Pg term, which is considerably lower than the others in the majority of RTM 
cases, P, and Pc may be comparable to the applied mechanical pressure. In the case where 
vacuum-assisted resin injection (VARI) is not being used, like in this work, R, is also equal to 
zero, making equation 3.25 equal to AP = P,,, + Pc (Gibson and Manson, 1992). Low injection 
pressures were used so that the contribution of the capillary pressure to the global flow would 
not be unnoticed. 
Equations 2.4 and 3.25 can then be combined to produce: 
dx 
_x 
(P,,, + Pc) 
_xP, 
PC 
(3.26) 
µE x µs 
[x+x 
. 26) 
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Rearranging: 
XdX=KPm+KPc (3.27) dt µs µe 
Or, 
Ex dx Pm _-KxT, - Pc (3.28) 
In other words, a plot of Pm against xdx/dt would fit a straight line, with the intercept equal to 
-Pc and the slope = tc/x. The position of the flow front (x) during the experiment is usually 
followed by photographs taken in a determined period of time and the P. against time data 
comes from the readings of the pressure transducers. 
In practical terms, however, this method of estimating Pc and x proved to be troublesome due 
to the fact that the P. tends to an asymptotic value (see section 8.4), due to the constant 
injection pressure, invalidating the use of equation 3.28 after a variable period of time. 
Besides, P. versus xdx/dt curves were very sensitive to localised errors in the experimental 
data, since dx/dt has to be determined for each experimental point. 
Considering the viscosity of the fluid constant throughout the experiment, integration of 
equation 3.27 under constant injection pressure will produce an expression for the 
permeability of a dry preform due to mechanical and capillary pressure (equation 3.29). If the 
experimental conditions are such that Pc can be neglected when compared to Pm, the second 
term on the right side of equation 3.29 is equal to zero, producing equation 3.30. 
2 x_ xPm +ic c (3.29) 2t µs µs 
X2 
2K 
= -Pmt µE 
(3.30) 
where x is the distance between the flow front and a reference point, which may be either the 
position of the pressure transducer (for when the P. readings are taken by the transducer 
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located at a certain distance from the gate) or the beginning of the reinforcement (in case the 
used transducer is located at the injection line, close to the inlet gate). 
Therefore, according to equation 3.30, plotting of x2 data against time should fit a 
straight line, with the slope equal to 2KPm/µE, from where x can be calculated. The use of 
equation 3.30 to estimate permeability of fibrous reinforcements via resin transfer moulding 
experiments produces reproducible results and reliable x value. This method is usually 
referred to in the literature and, as mentioned by Gebart (1992), has the advantageous side 
effect of providing a spatial average of the permeability and of minimising the effect of 
reading error. 
In case the presence of the capillary pressure cannot be neglected when evaluating 
permeability, equation 3.29 has to be used instead of equation 3.30. In this case, P. data 
(x-axis), from different experiments, is plotted against x2 (y-axis) for a certain time, or period 
of time, and, according to equation 3.29, the data for the different experiments should lie On 
a best fitting straight line, from where the capillary pressure can be determined as the 
horizontal intercept axis value, since at that point Pc =-P;,, ý. 
3.3 CHARACTERISATION OF YARNS AND LAMINATES 
Due to experimental limitations, it was not possible to estimate E according to the method 
described in section 3.2.2 for some of the capillary experiments. In order to determine the 
fibre volume fraction of the yam, 36 independent yarns were infiltrated by a mixture of 
epoxy resin and curing agent. The same set-up described in section 3.2.1.1 was used, again 
with one extreme of the yarn taped to the bottom of the beaker. The resin managed to rise to 
an approximate height of 20 mm above the surface of the liquid before hardening and the 
infiltrated yams were cut to be analysed under the microscope and via bum-off tests 
(results in section 5.1.2.1). 
For the capillary experiments in the fabric, the porosity of the warp and weft yarns was also 
found after a piece of fabric had been impregnated with a curing epoxy resin mixture in a 
vertical axial capillary flow experiment and left to cure (section 6.2). The laminate was 
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sectioned through the thickness parallel and perpendicular to the longitudinal flow direction, 
polished and the different sections were examined under an Axiophot optical microscope and 
image-analysed. 
RTM experiments were also carried out with a curing mixture of epoxy and hardener in order 
to manufacture a laminate from which some important input parameters were measured to be 
used in the simulation studies. The laminate was sectioned through the thickness, polished 
and examined under the optical microscope. The entire cross-section of the sample was 
photographed so that the pictures could be assembled together (section 8.2) as a montage 
from which measurements of various important geometric parameters were carried out 
(Saunders, 1997). 
Other composites were produced via RTM experiments to check the thickness of the 
laminate. Their innermost area was cut into 9 sections about 450 mm long and 30 mm wide 
using a diamond saw for each laminate; thickness measurements were carried out with a 
micrometer at regular length steps so that a contour map of the thickness of the laminate 
could be produced in order to assess the flatness of the achieved composite. 
Microscopy analysis required that the sample, either a single yam, a single layer or a multi- 
layer infiltrated by a fully cured epoxy system, be mounted in Epofix, a transparent epoxy 
cold curing resin system. The hardened mounted sample had its cross-section polished 
according to the program showed in table 3.4, which was partially extracted from 
Saunders (1997). Observation of the polished surface under the optical microscope followed. 
3.3.1 MICROSTRUCTURAL CHARACTERISATION - IMAGE 
ANALYSIS 
In order to confirm the micro-porosity, obtained with the burn-off test, and to determine other 
important micro-structural parameters to be used in the different computer simulations, such 
as the width and thickness of macro-channels in a unidirectional fibre mat, it was decided to 
carry out also microscopy analysis on the hardened yarns and composites. The micrographs 
were scanned, converting them into a digital form, allowing the use of the UTHSCSA 
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ImageTool software version 1.27 developed by the University of Texas Health Science 
Centre (Copyright© Microsoft Corp. ). 
UTHSCSA ImageTool is a free image processing and analysis program for Microsoft 
Windows 95TM or Windows NTTM that can acquire, display, edit, analyse, process, compress, 
save and print 8 and 16 grey scale and up to 24 bit colour images; being able to read and 
write over 22 common file formats including BMP, PCX, TIF, and JPEG. This software can 
identify objects in an image and analyse them using the size bar in the micrographs as 
reference. 
The procedure is detailed below, as extracted from the help file of the software: 
Opening of the working file (format jpeg, bmp or tiff, amongst others); 
Colour to grey scale transformation: From an input colour image (8,16, or 24 bit), 
produces an 8 bit grey scale image. The greys in the image are based upon the brightness of 
the corresponding pixels in the original image. This plug-in is very necessary since 
ImageTool requires grey scale form files for object and histogram analysis; 
Table 3.4 Polishing program for epoxy matrix samples mounted in Epofiz 
Pressure 60 N 60 N 60 N 60 N 
Speed 300 rpm 300 rpm 300 rpm 300 rpm 
Time interval TP1 4 minutes 3 minutes 2 minutes 
Paper grade 500 1200 2400 4000 
Lubricant Water Water Water water 
Pressure 60 N 60 N 60 N 
Speed 150 rpm 150 rpm 150 rpm 
Time interval 4 minutes 4 minutes 4 minutes 
Paper type DP-DUR DP-DUR DP-DUR 
Paper grade 6µ 3p III 
Lubricant Blue Blue Blue 
The polishing continues until surface is plane 
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Find Objects: Used to identify regions in the current image. When selected, the command 
presents a dialog box asking the user to select between manual thresholding, automatic 
thresholding, and no thresholding. Once the user has selected the thresholding method, 
ImageTool will scan the image and identify objects. The objects are maintained in association 
with the image window for as long as the image is not changed. This allows further analysis 
based upon the objects by analysis plug-ins; 
Image threshold: Used to create a binary image from a grey scale image, typically as a 
prelude to further image analysis. The effect of the Make Binary button is to turn pixels 
which are between the two endpoints (and are shown as red) black, and pixels outside the 
range white. Manual thresholding will give the user greater control over the process, while 
automatic thresholding will give the user reproducible results; 
Spatial calibration: Allows the user to define a unit of measurement and correct for 
magnification within an image for all dimensional analyses. The correction factor is valid 
only for the image in which the calibration is performed. A line of known length can be 
entered along with its units (millimetres, micrometers, inches, etc. ). From this point on, all 
dimensional analyses performed on this image will be based on this calibration. 
Object analysis: Extracts specific features of selected objects in an image. In order to use 
this plug-in, the user must first have identified the objects in the image using the Find Objects 
command. If there are objects, then the plug-in will place into the results window the 
attributes of every object found. The attributes of objects related to this work are defined as: 
a) Area: The area of the object, measured as the number of pixels in the polygon. If spatial 
measurements have been calibrated for the image, then the measurement will be in the units 
of that calibration; otherwise, it will be in square pixels; 
b) Perimeter: The length of the outside boundary of the object; 
c) Roundness: Calculated as 4nArea/Perimeter2. The result gives a value between 0 and 1. 
The greater the value, the rounder the object. If it is equal to 1, the object is a perfect circle; 
d) Elongation: The ratio of the length of the major axis to the length of the minor axis. The 
result is a value between 0 and 1. If the elongation is 1, the object is roughly circular or 
square. As the ratio decreases from 1, the object becomes more elongated; 
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e) Feret Diameter: The diameter of a circle having the same area as the object, being 
calculated as (4Area/r)1n; 
f) Major Axis Length: The length of the longest line that can be drawn through the object; 
g) Minor Axis Length: The length of the longest line that can be drawn though the object 
perpendicular to the major axis. 
3.3.2 BURN-OFF TESTS 
Burn-off tests were carried out for 36 epoxy cured independent warp yams extracted from a 
piece of plain-woven fabric. An empty ceramic crucible was pre-heated to 600°C and 
weighed after cooling to room temperature, the sample was then placed into the crucible 
followed by a new weighing of the system (crucible + sample) prior to its placement in a 
furnace, pre-heated to 600°C for one and a half hour. After that, the resin is expected to be 
totally burned-off, whilst the glass-fibre yarns are expected not to have been degraded. Then 
the crucible was removed from the furnace and allowed to cool to room temperature prior to 
a new weighing of the system. An average porosity value for the yams can be calculated 
from relation 3.31 (Saunders, 1997). 
WC - WB 
E=I- 
Pglass 
(3.31) 
WA-WC), WC - WB 
Pm Pglass 
where WA is the mass of the crucible and the sample (pre-burn-off), WB is the mass of the 
crucible, Wo is the mass of the crucible and the glass-fibres (post-bum-off), pgiass is the 
density of the glass fibres and pm is the density of the epoxy matrix. 
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Chapter IV - Mathematical Modelling of the Infiltration of Fibrous Porous Media 
The advantages of having a modelling tool to predict flow behaviour have already been 
introduced in chapter I. This chapter will give a detailed description of the different 
mathematical models and relevant equations employed in this work to describe the 
infiltration of a single fibre-yam, a single layer of plain-woven fabric and an assembly of 
unidirectional fibre tows in resin transfer moulding experiments. The main features of the 
Fortran programs used to carry out the simulations, including algorithm descriptions and 
flowcharts, are also included. 
4.1 MATHEMATICAL MODELLING OF THE CAPILLARY 
FLOW INFILTRATION OF A SINGLE FIBRE YARN 
In this model, the fibre yarn is considered as a tow of unidirectional fibres. The aim was to 
numerically evaluate the vertical advancement of the fluid front along the axial yarn 
direction. Darcy's law was used to model the flow through the yarn micro-pores, correlating 
flow-rate and pressure drop according to equation 4.1. 
=-x 
dP 
u=cdh d-µI ji) (4.1) 
Or, 
µE l 
P° pgh I (4.2) 
where u is the superficial fluid velocity (m/s), v is the interstitial velocity (m/s), c is the 
porosity of the preform, x is the permeability of the medium (m), µ is the fluid viscosity 
(Pa s), p is the density of the fluid (kg/m3), g is the acceleration of gravity (m/s2), h is the 
height of fluid rise and Pc is the capillary pressure (Pa). Equations 4.1 and 4.2 apply only to 
Newtonian fluids; for resin systems which show highly non-Newtonian behaviour, a 
viscosity-shear rate relationship such as the power law must be used (Um and Lee, 1991). 
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As the infiltration starts, the weight of the column of liquid in the yarn acts against the 
capillary pressure, being responsible for slowing down the rate of impregnation, dh/dt. The 
theoretical value for the capillary pressure is estimated from the Young-Laplace equation as 
suggested by Ahn and Seferis (1991), previously shown in equation 2.28, with a form factor 
equal to 4. The micro-pores were assumed to be uniform or with an averaged pore size 
distribution and fibre twist in the yarn and any defects at the fibre surface were neglected. 
As a common practice (Williams et al., 1974), the permeability is calculated from the 
Carman-Kozeny equation (equation 2.24), with ey being the porosity of the yarn, Df being the 
diameter of the fibre filament and Ko being the Kozeny constant from the corresponding 
experimental data (as will be explained later). It is important at this point to remember that, 
as quoted by Gauvin et al. (1996), flow predictions are as good as the accuracy of the 
permeability value entered in the simulation. 
The finite difference method was used for the numerical solution of equation 4.2, where the 
fluid advanced in length steps during the corresponding time steps. At every new step, the 
time is increased by a constant value and the length step is evaluated on the basis of an initial 
estimate of velocity. Then the velocity is re-evaluated on the basis of the latest evaluated 
infiltration length, which results in the re-evaluation of infiltration length in a trial-and-error 
procedure. Error estimation monitors whether the length step is appropriate, i. e. error smaller 
than a given tolerance. Otherwise, the length is re-evaluated until numerical convergence. 
4.1.1 ALGORITHM DESCRIPTION 
The model advancement of the fluid flow front along the axial yam direction was 
implemented in a simple computer code written in Fortran77. The flowchart of this program 
can be seen in figure 4.1 and its listing is shown in appendix I. This program allows for 
different Newtonian fluids by inputting the density and viscosity values. The fibre radius, 
micro-porosity (i. e. porosity of the yam), micro-axial permeability and capillary pressure are 
the other input parameters. The latter is the driving force responsible for the rise of the liquid 
in the yam. 
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Physical properties Evaluate new 
of bundle and fluid filling length 
Set 
time step Calculate 
iteration error 
First/Next 
time step 
Error < Tol 
Guess filling 
length 
Yes 
Has 
Calculate velocity equilibrium yes 
of the flow front been End 
reached 
No 
Figure 4.1 Flowchart of the computer program used to 
model the impregnation of the fibre yam 
The numerical time step (dt) used in the computer simulations was usually of I second. 
However, if the final equilibrium position of the flow is required, this time step may be 
increased so that less computational effort is used. The program listed in appendix I takes 
approximately 40 s to run in a 200 MHz Pentium 1(32 MB RAM). 
The main features of the Fortran program shown in appendix I are detailed below: 
" Lines 7 to 11: Input values of density (p), theoretical micro-axial capillary 
pressure (Pc,,,,; a), micro-porosity (em; ), viscosity (µ) and micro-axial permeability (Kni a), 
respectively. 
" Line 13: pre-set time step. 
" Line 14: pre-set length step for first time step. 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 106 
Chapter IV - Mathematical Modelling of the Infiltration of Fibrous Porous Media 
" Line 23-24: estimation of rate of height increase. 
" Line 25: re-evaluation of length step. 
" Line 28: Comparison between the estimated relative error and tolerance. 
" Line 30: writing of output values. 
4.2 MATHEMATICAL MODELLING OF THE CAPILLARY, 
NETWORK DARCY'S FLOW THROUGH A SINGLE 
LAYER OF PLAIN WOVEN FABRIC 
A mathematical model was developed regarding micro-flow through a two-dimensional 
network of fibre yams in woven fabrics. The aim was to apply the developed model for the 
prediction of the permeability and capillary pressure in flows through woven fabrics and later 
compare them to experimental flow data. 
It is necessary to understand the flow pattern in the plain-woven cloth in order to realistically 
model the flow. At first it was thought that the infiltrating fluid would flow within the fibre 
yarns and over the gaps between the yarns, the macropores, providing that sufficient time is 
allowed. Previous work (Johari, 1994) has suggested that under usual RTM conditions, the 
impregnation of the gap between filled yams would occur towards the centre of the gap 
(figure 4.2). 
However, when an upwards vertical flow, capillary infiltration experiment was carried out in 
a piece of plain-woven fabric from which the weft yarns had been removed (figure 4.3), no 
macroflow between the yarns was observed although the distance between the warp yarns 
was similar to the one measured in the woven fabric (; L- 0.6 yarns/mm). 
Another capillary experiment was carried out in a piece of E-glass Y0212 plain-woven fabric 
being infiltrated by epoxy resin and a blue dye in an overall upwards vertical flow. 
Figures 4.4a and 4.4b show photographs taken near to the flow front and close to the liquid 
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surface of the container, respectively. Three major macroscopic features can be noticed 
(Amico and Lekakou, 2000): 
i. The flow front is not homogeneous, with some yams showing further flow 
advancement. Since other factors concerning the flow are supposed to be constant, 
this is likely to happen due to characteristics of the individual yarns. specially the 
pore distribution of individual yarns; 
ii. The flow progresses axially in the vertical yarns whereas the horizontal yarns are 
filled in such a way that there are, at any time, at least 3 partially filled transverse 
yarns. The precise number is however not possible to be estimated by visual 
observation of the flow only; 
iii. There are clear unfilled gaps between the yarns (macropores). These gaps can be seen 
even in the portion of the fabric closest to the liquid surface of the container 
(figure 4.4b) and were confirmed by careful visual observation of the infiltrated 
fabric. One experiment was carried out with epoxy and hardener which, after curing, 
was used to physically verify the presence of gaps (non-infiltrated areas) in the 
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Figure 4.2 Suggested radial mechanism tor the 
impregnation of macro-channels between saturated 
yarns of a plain-woven fabric 
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macro-channels. Therefore, the capillary infiltration process through a plain-woven 
fabric was modelled considering the macroflow between fibre yams to be absent. 
Figure 4.4 Photograph of the inliltration uI the cloth. tu) at the limý 
front and (b) close to the liquid surface of the container 
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Figure 4.3 Capillary infiltration experiment in a piece of fabric 
from which the weft yarns were removed prior to the experiment. 
The yarns were impregnated by silicone oil and epoxy resin in an 
upwards, vertical flow under the sole action of capillary pressure 
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Since the model should neglect the presence of macroflow. the microtlow within the fibre 
yarns of a plain woven fabric was characterised by flow through a two-dimensional 
orthogonal network of porous fibre yams linked at junctions, as presented in figure 4.5. 
which shows a schematic representation of the fabric with its repeating basic column. 
Axial 
Flow 
__T 'I Irk 
f- 
Transverse 
I 
-f 
Transverse 
Flow f- -ý Flow 
1I 
Qtot 
basic repeating column 
Figure 4.5 Simplified representation of the network flow in the plain- 
woven fabric. Each arm of the network consists of a fibrous porous medium 
to represent a length of fibre yarn. 
The term "network flow models" as encountered in the literature so far. described the flow 
through a network of tubes and corresponded to pore level simulations (Van der Marck el a!., 
1997; Impey el al., 1997; Constantinides and Payatakes. 1996; Shah and Yortsos, 1995. Lin 
and Slattery, 1982; amongst others). The present study considers Darcy's network flow 
where the bonds of the flow network consist of fibrous porous medium. It corresponds to 
micro-flow simulations at a level higher than the micro-pores. 
Figure 4.6 illustrates the presence of three unsaturated junctions (junctions that have been 
reached by the axial flow front but whose transverse yarns have not been completely filled 
yet), named i, i+/ and i+2, and describes the pressures acting at a single junction i. Flow 
in the transverse yarn is driven mainly by the capillary pressure, acting at the transverse flow 
i ll I tI rk 
I 
-º r- 
- 4- 
1 
I 
II 
I 
I 
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front at a horizontal distance xt7 from the junction. Flow in the axial yarn is driven by the 
capillary pressure acting at the longitudinal flow front (H1r). Moreover, the weight of the 
column of liquid above the junction originates a counter pressure P; at this i junction at H;, 
where P; = pg(Hff -H). The axial (Qmia. i) and transverse (Qmit, i) flow rates at a given 
junction i, will then be, respectively: 
Qmiai Ay Kmia 
(Pc 
-Pg(H fl' - Hi)) (4.3) 
µ Hty -Hi 
Qmit. i =`4NKmit 
(P, -Pg(Ht1 - Ni (4.4) 
µ xtr 
where xrr is the horizontal distance from the flow front to the junction and (Ha -H; ) is the 
height difference between the flow front and a given junction i. 
rr 
H$' PC 
i+2 Axial flow 
at junction i 
i+l Transverse 
Hi 
Pý-+º 
flow at 
iX ff junction i 
Qtot 
Figure 4.6 Flow advancement and pressures at a given junction i 
At every junction the flow is split between axial and transverse yarns according to the 
coefficients defined by equations 4.5 and 4.6. where as + at,; = 1. 
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Qmia, i 
aa = (Qmia, i+ Qmit, i) 
(4.5) 
In an analogous way, at; for the transverse flow rate will be: 
= 
Qmit, i 
aý'i (Qmia, i+ Qmit, i) 
(4.6) 
A similar analysis is carried out for each unsaturated junction throughout the duration of the 
experiment. For instance, if for a given time there are three unsaturated junctions (figure 4.7) 
according to mass balance, the total flow rate at that time will be: 
Qtot = [Qmit, i + Qmit, i+l + Qmit, i+2] + Qmia, i+2 (4.7) 
Thus, it can be said that for a junction i the flow split will be given by: 
Qmia, i = Qmia, i-1 a8, i and Qmit, i = Qmia, i-1 at i (4.8) 
The transverse flow will be responsible for filling the transverse yarns whilst the axial flow 
will proceed until the next junction is reached and at this time a new flow split will occur. A 
few models can be proposed, regarding the unknown parameters as and at: 
Model 1: The coefficient as is the same at all unsaturated junctions throughout the infiltration 
process; this model ignores the effect of the flow advancement in the axial and transverse 
direction on the flow split. 
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Model 2: The coefficient as is the same at all junctions but varies with infiltration time; this 
model considers an averaged flow advancement length over the unsaturated junctions by the 
flow front. It is expected to yield reasonably good results if the unsaturated region by the 
flow front is very small in comparison with the total flow advancement. 
Model 3: The coefficient as varies depending on junction and time; thus, taking detailed 
account of all effects on flow split. Models 2 and 3 require aa, and consequently at. to be 
estimated regarding current local pressures and flow distances as illustrated by figure 4.6. 
Q =Q a 
mia, i+2 mia, i+l a, i+2 
Q 
mia, i+l 
=Q mia, i a a, 1+1 
Q =Q a 
mia, i tot a, i 
ýnut. 
i+2- 
rrua, 
i+l 
t. 
i+2 
Qmit 
i+ 1= 
Qai at 
i+ 1 
Q =Q a 
rrut, i tot t, i 
Figure 4.7 Schematic representation of the flow distribution at three 
unsaturated junctions, junctions i, ifI and i+2 
4.2.1 ALGORITHM DESCRIPTION 
The described overall model of Uarcy's network micro-flow was implemented in numerical 
form in a Fortran77 computer program described in the flowchart of figure 4.8. The yams 
were considered to be unilbrm and equally spaced in each direction. However, the spacing 
between the warp yarns may have a different input value from the spacing between the weft 
yarns of the fabric. Capillary pressure and permeability values for the flow parallel and 
perpendicular to the fibres within a fibre yarn were estimated according to experimental data 
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(Chapter V of this thesis; Amico and Lekakou, 1998) and the Young-Laplace and Carman- 
Kozeny equations, respectively. 
The overall porosity was considered to be constant during a capillary flow experiment, since 
the intricate architecture of the fabric is expected to restrict variations in the cross sectional 
area of the yarns and the gap between them. Thus, the porosity of the yarn had the same value 
for all runs, independently of the infiltrating fluid, unless otherwise stated. A few other 
constant values for properties or parameters, namely the density of the liquid, the radius of 
the yarn, the transverse permeability within a yarn, the distance between two junctions and 
the length of the transverse yarn were also used as input values. 
Physical properties 
of the yams, fabric Split between axial 
and fluid and transverse flow 
FirsUNext 
I 
Increase 
time step Calculate flow height 
as any 
ti number of 
and transverse 
on new junc unsaturated 
Guess tilling length steps 
been 
reached? 
junctions 
length 
No 
Calculate total 
flow rate 
Has any 
Correct junction been 
filling length No saturated? 
Calculate iteration Noy es 
error 
Decrease munber 
of unsaturated 
j unctions 
Y 
las any ber of um 
Gqujlibrium 
w'co"\csunsaturated or maximum Yes b fE d 
nsahuate Yes been 
junctions er o num n 
junctions reached? equal to I time steps 
so far? 
[ 
reached? 
do No 
Figure 4.8 Flowchart of the computer program used to model the impregnation of the 
woven cloth 
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A Fortran program was written for each of the three models described in section 4.2. In these 
programs, the transient infiltration process is regarded as a numerical sequence of steady state 
solutions at sequential time steps where the finite difference method is employed. If there are 
junctions with unfilled transverse fibre yams (unsaturated junctions), the flow is split 
between axial and transverse yams and a new height and transverse position of the flow front 
is calculated. If new junctions are reached, the number of unsaturated junctions is increased. 
If a junction is fully filled in the transverse direction, that junction is considered saturated. 
This process is repeated for each time step until equilibrium or the maximum number of time 
steps is reached. 
At any time, the number of unsaturated junctions, the time necessary for an individual 
junction to saturate, the position of the flow front in the transverse unsaturated yarns and the 
height of the axial flow front are known, allowing the description of the flow. 
The main features of the program for model l (appendix II) are detailed below: 
" Lines 15 to 24: Input values of density of fluid (p), theoretical micro-axial capillary 
pressure in the fibre yam (Pc,,,; a), micro-porosity in the fibre yarn (smi), viscosity of the 
fluid (p), micro-axial permeability of the fibre yam (xm; e), equivalent radius of the yam 
(Reb), distance between transverse yarns, maximum transverse length to be infiltrated and 
through the thickness distance between axial and yarns. 
" Line 20: pre-set initial length step. 
" Line 27: pre-set time step. 
" Line 34-50: initialisation of parameters. 
" Lines 48-49: Pre-set values for as and at. 
" Line 57: Estimation of rate of height increase for the first time step. 
" Line 59: Estimation of length step for the first time step. 
" Line 62: Comparison between the estimated relative error and tolerance. 
" Line 67: writing of the output values. 
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" Line 81-85: Determining whether a new junction has been reached. 
" Line 102: Estimation of the total flow rate available for that time step. 
" Line 110: Estimation of the axial flow rate available at the flow front. 
" Line 118 or line 126: Estimation of axial length step at the flow front. 
" Line 132 and line 136: Estimation of transverse length at the flow front. 
" Line 153 or line 157: Estimation of axial flow rate at each unsaturated junction. 
" Line 154 or line 158: Estimation of transverse flow rate at each unsaturated junction. 
" Line 163 and line 167: Estimation of transverse flow length at each unsaturated junction. 
" Line 168: Evaluating whether any unsaturated junction has been fully saturated. 
" Line 182-183: writing of output file. 
Models 2 and 3 use approximately the same program features described above, except that 
instead of as and at being pre-set values, as for model 1, as and at are calculated. Model 2 
(appendix III) estimates a8 and at in the unsaturated region behind'the flow front in lines 
86 - 99 by estimating average positions for the axial and transverse unsaturated junctions. 
Model 3 (appendix IV) estimates as and at at each unsaturated junction in lines 157 - 166 as 
defined by equations 4.5 and 4.6. 
Model 1, as listed in appendix II, takes approximately 10 min to run 15 time steps in a 200 
MHz Pentium 1 (32 MB RAM), whereas model 2, listed in appendix III, takes s: e 9 min and 
model 3, listed in appendix IV, takes 10.5 min. 
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4.3 MATHEMATICAL MODELLING OF THE MACRO- 
AND MICRO-INFILTRATION OF AN ASSEMBLY OF 
UNIDIRECTIONAL FIBRE TOWS 
This section focuses on the mathematical modelling of the infiltration of the unidirectional 
fibre mat in the resin transfer moulding apparatus, which experimental results are described 
in section 8.2. The fibre mat (see figure 3.1b) is considered to consist of unidirectional fibre 
tows in the flow direction with macro-channels between the fibre tows. So both macro- and 
micro-infiltration parallel to the fibre direction is considered in the flow model. Figure 4.9 
illustrates the principles of the flow model. The flow behaviour in the macro-channels 
between the fibre tows of the unidirectional fibre mat was considered to be similar to a fluid 
flow through a duct of rectangular cross-section. Due to the comparable dimensions of the y 
and z directions of the channel in which macro-flow occurs, the flow was described as a 3-D 
symmetrical flow through an area which could be simplified as a rectangle of sides 2a and 2b 
(see figure 4.9c). 
One issue that has been especially investigated when the flow of resin over saturated 
permeable beds is considered (Ross, 1983) is the boundary layer zone at the interface 
between the porous region and the viscous flow in the macro-channel. According to the 
boundary conditions shown below as equation 4.9, one can notice that although the velocity 
of the flow is zero at the upper and lower walls of the channel which coincide with the mould 
walls, at the boundary between macro-flow and micro-flow the fluid displays a velocity 
U= ub (see figure 4.9a). Beavers and Joseph (1967) were the first to propose an empirical 
partial-slip condition related to an empirical parameter (a) dependent on the architecture and 
nature of the porous medium (also, Beavers et al., 1974) and independent of the fluid 
viscosity. This non-slip flow condition will be further discussed later in this section. 
U=0atz=±b 
U=ubaty=±a 
(4.9) 
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Figure 4.9 The velocity profile in the unidirectional fibre tow arrangement and geometric 
characteristics of the macroflow channel and longitudinal fibres along with the co-ordinate 
system and notation used in the analysis. (a) Upper view; (b) Through the thickness view; 
and (c) Simplified geometry of the through the thickness channel where macro-flow occurs. 
By combining the continuity equation, also known as the differential equation for 
conservation of mass, to the momentum equation for a viscous flow, one can obtain the 
Navier-Stokes equations that provide a complete mathematical description of the laminar 
flow (Munson et al., 1998). The Navier-Stokes equations are the basic differential equations 
describing the flow of incompressible Newtonian fluids and, for an arbitrary longitudinal 
direction x, are given by: 
Cau 
au au aP ()2, j a2u a2u au 
Considering that the flow occurs between two horizontal. infinite parallel plates. the fluid 
particles move in the x direction only and therefore Uy and U, are both equal to 0. Besides, it 
follows from the continuity equation that EU/öx =0 and for a steady state flow, c3U/c)t = 0. 
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Also, the gravity term is negligible due to the small thickness of the channel and the 
horizontal position of the plates. Therefore, equation 4.10 reduces to: 
22 
0=-+µU+2 (4.11) 
Or simply, 
02U +G=0 (4.12) 
µ 
where G= -dP/dx, a constant pressure gradient in the direction of the positive x-axis, since u 
does not vary with x. Equation 4.12 is a special case of Poisson's equation, a linear, second 
order partial differential equation of the elliptic type (Batchellor, 1967). 
The further mathematical treatment of equation 4.12 can be found in the literature 
(Langlois, 1964) although the referred author has used the no-slip simplification everywhere 
at the duct surface (Ub = 0), since the problem was solved for rigid impermeable channel 
walls differently from the present case study where a permeable material (fibre tow) appears 
aty=±a. 
A velocity equation for U (y, z) can be written (equation 4.13), where an auxiliary velocity 
function v (y, z) is introduced: 
U(y, z) = 
[b2 
- z2 + v(y, z)] 
(2ki) 
Substitution of the boundary conditions in equation 4.13 results in: 
U(±a, z)= 
2 2-z2+v(±a, z)]=ub 
µ 
v(±a, z)= 
G 
_[b2-Z2 
2µ 
(4.13) 
(4.14) 
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And, 
(TG 
U(y, ±b) = [v(y, fb)] =0 v(y, ±b) =0 (4.15) 
By substituting equation 4.13 in equation 4.12, it follows, 
V2v=o (4.16) 
Thus, the velocity field for v (y, z) is solenoidal and also known as linearised Navier-Stokes 
equation for steady (time-independent) motion or (inhomogeneous) Stokes equation or also, 
creeping motion equations (Kim and Karrila, 1991). 
The velocity potential may be obtained by solving Laplace's equation (equation 4.16) for a 
flow of an ideal and incompressible fluid subject to certain boundary conditions (Stroud, 
1996; Allen Jr., 1972; McCormack and Crane, 1973). Since Laplace's equation is linear, a 
sum of its solutions is also a solution. The required solution can be assumed to be a sum of 
terms of the form Y(y)Z(z). This separation of variables solves equation 4.16 if and only if 
equation 4.17 is satisfied. 
YN+Zý=O 
YZ 
(4.17) 
Also, since the ratio Y"/Y on equation 4.17 depends only on Y and the ratio -Z"/Z depends 
only on Z, both ratios must be equal to a constant, say ß2 (equation 4.18). 
2 Y" =P YZ (4.18) 
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If ß is chosen according to equation 4.19, where n is a integer, the function given by relation 
4.20 vanishes at z=±b and also satisfies equation 4.18. 
ß2 =(n+21 
Ir 
)b 
(4.19) 
Z(z) = Z. cos (3z (4.20) 
Besides, a possible solution for Y can be determined from equation 4.18 as equation 4.21, 
which can be further simplified to equation 4.22 because of the symmetry of the problem: 
Y(y) = Y. cosh (3y + Ym sinh ßy (4.21) 
Y(y) = Y. cosh ßy (4.22) 
Thus, v (y, z) = Y(y)Z(z) becomes: 
00 
v(y, z) =E B cosh ßy cos ßz (4.23) 
n=0 
By using the boundary conditions shown in relation 4.14 in equation 4.23, one finds: 
00 U Bn cosh ßa cosh ßz = -[b2 - z2 
]+ 
G 
(4.24) 
n=0 
2µ 
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Or, 
00 
2: CncospZ=[z2-b2, + 
ub 
n=o G (4.25) 
(211) 
where 
Cn = B. cosh ßa 
and 
(4.26) 
OD cosh ßy 
v(Y, z) =ö Cn 
cosh ßa 
cos ßz (4.27) 
A Fourier analysis of equation 4.25 allows the determination of C according to: 
b 
Cn =bj [(z2 -b2)+ G 
]cosßzdz (4.28) 
-b 
r2Nr 1 
and by solving the integral in equation 4.28, one can find C,,: 
C_ 
4cosßb 
_ 
4sinßb+ 2ub sinßb (4.29) n= ß2 bß3 G 1--1b 
µß 2 
Substitution of equation 4.29 into equation 4.27 results in equation 4.30, which can then be 
used in combination with equation 4.13 to produce the final equation for the fluid velocity in 
the macro-channel v (y, z), shown below as equation 4.31. Other forms of equation 4.31 for 
no-slip conditions can be found in the literature (Poole, 1998; White, 1974). 
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11 14cosb 
_4 
sin ßb 
+ 
2u b sin ßb cosh ßy cos z 
n=O ß2 bp 
3 
00 
v(y, z) _ 21 
bß cosh 
ßa 
ß (4.30) 
J 
2Z2+ 
14cosb 
4 sin ßb 2u b sin ßb cosh ßy U(y, z) b--+ cos ßz (4.31) 2µ =O ß2 bß3 bß cosh ßa 
(iG 
µ 
Finally, the volumetric flow rate Q, passing in the channel is obtained by the double 
numerical integration of equation 4.31 over the dimensions of the cross section of the 
channel: 
ab 
Q=ff U(y, z) dz dy (432) 
-a-b 
Relation 4.32 gives the original macro-flow in the macro-channels. Part of this flow-rate, 
however, will be used in the transfer to the micro-flow. Therefore, the actual macro flow-rate 
will be given by: 
Qma =Q- Qtransfer (4.33) 
Qtransfer is derived from Darcy's law applied to transverse impregnation, as: 
)y (a2 + b2 
K 27r 
2 mit(Pc, mit 
+PIXXma -Xenia) 
Qtransfer = (4.34) O. SµReb 
also, (a2 + b2) /2 is half the elliptical perimeter of the tow, xmit is the transverse micro 
permeability and P, is the local pressure. 
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The actual micro flow-rate, therefore, will incorporate Qu. sfý,, into its micro-axial Darcy's 
flow-rate, as expressed in equation 4.35. 
KmiaAy(Pc, mia + 
Pinj) 
Qmia =+ Qtransfer (4.35) 
9 Xmia 
As it has been introduced by figure 4.9, the velocity of the fluid at the porous interface 
between the macro-channel and the fibre-tow is different from zero. This happens because 
though the adherence condition is valid at an impermeable surface, this condition might not 
be valid at a nominal surface of a permeable material (Beavers et al., 1970). Beavers and 
Joseph (1967) have introduced the concept of a slip-flow boundary condition which 
postulates that the slip velocity at the permeable interface material (Ub) differs from the mean 
Darcy's velocity, ut, within the permeable material, since there can not be physically any 
large-scale slip between the layers of free-fluid in the macro-channel and the fluid within the 
porous region. This slip velocity was then related to the relevant boundary condition, 
presented in equation 4.36; following the same co-ordinate system described in figure 4.9 the 
velocity gradient in the macro-channel at the interface (y = a) would be: 
la dU 
= 
K 
(U 
C-U b) (4.36) dy 
y-a , 
where: K is the permeability of the porous medium. 
The ratio a/xl2 is said to be independent of x or the viscosity of the fluid (Beavers et 
al., 1974), but dependent on the permeable material and a is an empirically determined 
dimensionless quantity depending on the material parameters which characterise the structure 
of the permeable material within the boundary region, being meaningful even for rough 
porous surfaces (Taylor, 1971; Richardson, 1971). This empirical partial-slip boundary 
condition for viscous flow at a porous medium flow interface with macro-channel flow was 
proved to be valid and was justified theoretically by Saffman (1971). 
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Huang et al. (1997) further depicted the partial-slip condition and reached the conclusion that 
for 2b/K'/2 -> co (192.1 and 133.1 for Beavers and Joseph, 1967) the parameter a becomes 
only a function of the porosity of the porous medium, as shown below in equation 4.37, 
greatly simplifying the estimation of a. Findings of Gupte and Advani (1997a), a=0.55 for 
fibres aligned parallel to the flow and a=1.91 for fibres aligned transverse to the flow - with 
the ratio 2b/K' = 13.9, however, do not agree with this simplification since a limiting value 
of a=1 can be expected (for c -* 1) according to relation 4.37. 
1 
emi 
(4.37) 
Darcy's equation is not compatible with the existence of a boundary layer region in the 
porous medium (with gradients of the mean Darcy's velocity in the porous medium) because 
no macroscopic shear term is associated with this equation and Brinkman's equation should 
be used instead (Guha and Chaudhury, 1993). These authors suggested that the growth of a 
boundary layer is significantly larger for larger permeabilities and for smaller permeability 
values (K 510-6) the Darcy velocity may be taken to be attained right from the interface; Choi 
and Waller (1997) found that the depth of penetration of the boundary layer is only 
dependent on the Darcy number - Da (Da = x/4b), so that for a particular flow condition at 
Da < 10'7 the penetration depth is negligible. A recent reference (Lundström and Zetterberg, 
1999) also neglected the use of Ub and the velocity at the boundary of the fibre-tow/macro- 
channel is equal to the Darcy velocity within the tow. 
Gupte and Advani (1997a) tested this approach by using Laser Doppler Anemometry (LDA) 
in the close vicinity of the permeable boundary of a porous medium (see also Gupte and 
Advani, 1997b) and likewise suggested that only the microstructure and 
geometry/architecture of the porous medium govern the nature of the decay inside the porous 
medium, being independent from different fluid viscosities and flow rates. Besides, although 
Ub was shown to decrease as the porosity increases, these authors did not identify any specific 
trend in the variation of a with the fibre volume fraction. Lastly, a modification in the 
Brinkman's equation has been also suggested in order to predict the thickness of the boundary 
layer more accurately, and their findings included that the boundary layer thickness was of 
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the order of the mould thickness, or the macro-channel depth, instead of xln, irrespective of 
the permeability or microstructure of the fibre mats. 
Differentiating equation 4.31 with respect to y at y=a yields: 
'R Cos 
dy µ ri 
p C. 
cosh (3a 
ßsinh ßa (4.38) 
y=a 
Thus, equations 4.36 and 4.38 can be combined as: 
aG 
I2ubsinPb 
4 sin ßb 
--(ui-ub)=2µ öG +R2cosßb-4 bß3 jcosPztanhaJ 
(4.39) 
bß 
2µ 
By mathematical manipulation of equation 4.39, one can find the following result for ub. 
-G 
[4cos_sinßb 
ßztanhßa +a ut 
u 
2N bß3 
(4.40) 
b 
ba+ (2sinl3b 
cosßztanhßal 
V0l 
In this study Ub for all z's was approximated by Ub at z=0 (and y=± a) given by 
relation 4.41: 
s ßb -4 
sin ßb ß tann ßa +a ut -G co 2! i 0 
(i4 
bß3 
(4.41) ba+ (2SIflf3btathI3a) 
b 
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A velocity value, Ub, at the boundary of the macro-channel with the fibre tow greater than the 
mean velocity in the fibre tow predicted by Darcy's law, and also the existence of a boundary 
layer, will result in a fractional increase in the flow rate in the open channel and within the 
permeable fibre tows in comparison to the case of an impermeable boundary approximated 
by a solid wall. 
4.3.1 ALGORITHM DESCRIPTION 
A few assumptions were used when writing the program to describe the macro and micro 
infiltration of the unidirectional fibre tows: (a) The influence of the stitches on the flow was 
neglected; (b) Adjacent tow layers were perfectly aligned with the tows aligned on top of 
each other and all macro-channels forming a large macro-channel of rectangular cross- 
section; (c) Fibre tows were rigid and did not move during filling; (d) The mould was rigid; 
and (e) The process was assumed isothermal with a Newtonian fluid. 
The flowchart of the program used to model the longitudinal infiltration of a unidirectional 
fibre tow mat is shown in figure 4.10 and the listing of the program is presented in 
appendix V. The main features of this program are detailed below: 
" Lines 13 to 25: Input values of axial micro capillary pressure in fibre tow (Pc, mia), 
transverse micro capillary pressure in fibre tow, macro axial capillary pressure in macro- 
channel, micro-porosity of fibre tow (em; ), micro axial permeability of fibre tow (xm; e), 
micro transverse permeability of fibre tow, viscosity (µ), half the distance between fibre 
tows (a), half the thickness of each layer of fibre mat (b), area of the fibre tow (Ar), half 
the width of the fibre tow, equivalent radius of the tow (Reb) and the parameter which 
characterises the structure of the permeable material within the boundary region (a). 
" Lines 30 - 42: Initialisation of parameters. 
" Lines 44 - 67: Calculation for first time step (no transverse transfer of flow rate). 
" Line 48: Calling of subroutine to calculate the macro flow-rate in macro-channel. 
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Figure 4.10 Flowchart of the computer program used to model the impregnation of a 
unidirectional fibre mat 
" Line 51: Estimation of micro flow-rate within fibre tow according to Darcy's Law. 
" Lines 55 - 56: Estimation of macro and micro-velocity. 
" Lines 57 - 58: Estimation of micro and macro length-step. 
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" Lines 61 - 62: Estimation of micro and macro relative errors. 
" Line 64: Evaluation if error is greater than tolerance. 
" Lines 71 - 142: Calculation for all subsequent time steps. 
" Lines 73 - 80: Gradual increase of time step to reduce computational effort. 
" Lines 90 - 100: Inputting data of injection pressure from experiment. 
" Line 91: Maximum injection pressure (used after P;,, j has reached the pre-set value in 
experiment). 
" Line 93: Time offset necessary to synchronise pressure transducer readings with the 
actual experimental time. 
" Line 94: Estimation of injection pressure according to equation of increase in pressure 
with time (section 8.3). 
" Lines 99 - 100: minimum injection pressure allowed (necessary for program stability). 
" Lines 101 - 103: Control of capillary pressure value to be used in the flow transfer 
equation due to change in expected transfer mechanism. 
" Line 104: Initial estimation of tow velocity due to Darcy's Law. 
" Line 105: Estimation of the ratio dP/dx. 
" Line 106: Calling of subroutine vel which calculates the maximum available flow rate for 
the macro-channel. 
" Line 108: Estimation of local pressure gradient between macro and micro flow fronts. 
" Lines 109 - 110: Estimation of transfer flow rate from macro-channels to tows according 
to transverse impregnation (Darcy's Law). 
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" Line 112: Prevents any transfer of flow rate from macro-channels to tows in case the 
micro flow-front is more developed than the macro flow-front. 
" Lines 120 - 121: Estimation of micro and macro flow-rates, where micro flow-rate 
receives the transfer flow-rate and the macro flow-rate loses the transfer flow. 
" Line 122: Estimation of macro velocity, where (2a2b)+((2rb2b)-Ay) is the actual cross- 
sectional area of the macro-channels. 
" Line 123: Estimation of micro velocity. 
" Lines 128 - 129: Estimation of micro and macro length-steps. 
" Line 134: Evaluation if estimated relative error is greater than tolerance. 
" Line 139: Writing of results to output file every 10 time steps. 
" Line 144: End of main program. 
" Lines 147 - 194: Subroutine vel, used to calculate maximum flow-rate available for the 
macro-channel (before transverse flow transfer occurs), taking into account the partial- 
slip condition at the boundary of the fibre-tow. 
" Lines 153 - 154: Definition of boundary conditions at which the partial-slip boundary 
condition is defined. 
" Line 156: Calling of subroutine ubsub which is used to calculate ub, the slip-velocity at 
the boundary of the tow. 
" Lines 159 and 166: divides the cross-sectional flow area into 100 x 100 discrete squares 
of dimensions a/100 and b/100. 
" Line 182: Estimation of the sum term in equation 4.31. 
" Line 184: Control of sum terms and maximum number of iterations. 
" Line 185: Estimation of velocities according to equation 4.31. 
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" Line 186: Estimation of flow rate according to equation 4.32. 
" Line 194: End of subroutine vel. 
" Lines 196 - 238: Subroutine velempty, which calculates velocities and flow-rate in the 
macro-channels for a no-slip boundary condition, as presented in Langlois (1964). 
" Line 231: Estimation of velocities. 
" Line 232: Estimation of flow rate. 
" Line 238: End of subroutine velempty. 
" Lines 240 - 274: Subroutine ubsub, which is used to calculate ub, the slip velocity at the 
boundary of the fibre-tow. 
" Lines 255 - 256: Estimation of the upper sum term in equation 4.40. 
" Lines 262 - 263: Estimation of the lower sum term in equation 4.40. 
" Line 265: Estimation of ub according to equation 4.40. 
" Line 267: Control of sum terms and maximum number of iterations. 
" Line: 274: End of subroutine ubsub. 
The program listed in appendix V takes approximately 255 seconds to run in a 200 MHz 
Pentium 1 (32 MB RAM), covering a modelling infiltration time of 423 seconds. 
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Chapter V- Infiltration of a Single Yarn 
5.1 CAPILLARY FLOW EXPERIMENTS AND DATA 
ANALYSIS 
The aim of the capillary flow experiments was mainly to determine the capillary pressure and 
permeability of a single fibre yarn. The capillary experiments were carried out for silicone oil 
and epoxy resin according to the procedure described in section 3.2.1.1 and the height and 
weight readings were analysed according to the integral and differential approaches described 
in section 3.2.2. 
5.1.1 SILICONE OIL 
Every experiment produced a curve with a shape similar to the one shown in figure 5.1 for 
readings of capillary flow length and weight increase in the yarn due to the liquid intake as a 
function of time. The equilibrium state was not reached since both height and weight were 
still varying with time at the end of the experiment. 
The integral fitting procedure described in section 3.2.2 produced a good representation of 
the data, as can be seen in figure 5.1. By following the differential approach, described in 
section 3.2.2, the data dh/dt against 1/h tended to vary linearly (according to equation 3.9), 
although scatter was more often observed, as can be seen in figure 5.2. Overall, for both 
height and weight experiments, the integral method proved to be more reliable than the 
differential one, since the former smoothens the flow front advancement by considering all 
the post history at each point whilst in the latter small variations in singular data point 
readings can lead to a much greater scatter. 
In case the integral fitting procedure is used to derive the dh/dt versus 1/h data points, a much 
better fitting is obtained, as can be observed in figure 5.3. An overall similar trend was found 
for the weight changes, as can be seen in figures 5.4 and 5.5. 
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Figure 5.1 Height (") and weight (") readings and respective fitting curves 
for a typical capillary experiment; curve fitting has been carried out according 
to the integral approach 
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Figure 5.2 Typical dh/dt versus 1/h curve for the capillary flow experiments 
through a single yarn, where the curve fitting has been carried out according 
to the differential approach 
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Figure 5.3 dh/dt versus 1/h curve for the capillary experiments generated by 
using the integral fitting procedure to estimate the curve points 
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Figure 5.4 Typical dw/dt versus l/w curve fr the capillary experiments. 
generated by using the differential procedure 
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The scatter found in the first height readings showed in figure 5.2. or the last few I /h points, 
is due to difficulties in reading low height values, close to the liquid surface in the beaker 
and also because of a large variation of height with time, making accurate readings of a 
small height more difficult. The scatter in figure 5.4, however, occurs since the initial 
weight readings, or the last few 1/w, mainly correspond to the fibre wetting effect, the 
dominance of which is diminished as the experiment proceeds; a similar trend was reported 
by Hsieh (1995). The wetting effect must also reflect on the scattering of the initial height 
readings in figure 5.2. 
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Figure 5.5 dw/dt versus i/w curve Rr the capillary experiments, generated 
by using the integral fitting procedure to estimate the curve points 
The graphs presented in figures 5.6 and 5.7 refer to equations 3.12 and 3.15. According to 
these equations, the initial experimental points should not he dependent on the gravitational 
force acting on the column of liquid above the level of the liquid surface of the beaker and, 
therefore, the data should lie on a straight line. The influence of gravity, however, 
becomes increasingly important, slowing down the rate of height or weight increase with 
time, causing deviation of the data from the straight line. 
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linear fitting applied at the beginning of the experiment 
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Figure 5.7 Weight2 versus time curve fra typical capillary experiment, 
with linear fitting applied at the beginning of the experiment 
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Height readings for experiments conducted by using silicone oil as the infiltrating liquid are 
shown in figure 5.8. This figure shows two main features that are applicable to all capillary 
experiments. Firstly, the fitting procedure might fit more accurately a limited range of the 
experimental points (see data for experiment 11. for example). This can be expected to 
influence the output values of the fitting procedure. 
Secondly, as suggested by Batch el al. (1996), the duration of the experiment influences the 
estimation of the equilibrium height (he). Examination of figure 5.8 (especially 
experiments 8,13 and 14) showed that although the fitting curves were practically 
coincident, the final values for the equilibrium height were 3.1 x 10-2 in, 3.5 x 10-` in and 
5.2 x 10-2 in, respectively. In other words, the further the height is from the equilibrium 
position, the more underestimated the he value will be. Of course. bh values in equation 3.10 
will also be influenced by the experimental time for readings. 
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Figure 5.8 Height readings and respective fitting curves for four 
experiments using silicone oil, where the integral approach was used for the 
curve fitting 
The final values for experiments 8.11,13 and 14 are shown in tables 5.1 and 5.2 for the 
integral and differential method, respectively. The two different methods of analysing the 
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data showed a good agreement and the average value seemed to compensate individual 
differences. 
P, does not show a clear trend when correlated to AT (total area of voids in the yarn) as 
could be expected according to what Young-Laplace equation dictates and this might be a 
direct consequence of the influence of insufficient experimental time. This finding is 
further supported by the estimation of t99 (see equation 3.19), suggesting that the experiment 
was still far from equilibrium and hence, the duration of the experiment has a large effect on 
the estimated P,; as it can be seen, the various experiments in tables 5.1 and 5.2 vary in terms 
of tqq and ATS,. After these "short-term" experiments were analysed, the duration of the 
experiments was greatly increased, as will be noticed in the succeeding graphs. 
Another important result from this table is that most values for the pore area of the fibre yarn, 
or total area of voids in the yarn - ATv - are higher than the initially suggested one 
(-- 13.1 x 10"8 m2) for fibre yarns as part of the cloth. In fact, an increase in AT, might have 
first occurred due to handling of the yarn for hanging it in the support. 
Table 5.1 Capillary experiments using silicone oil: Results of the integral method of data 
analysis of height readings 
Integral method 
he x102 bh x 106 ATv x 108 P, t99 Experiment (m) (m/s) (m2) (Pa) (h) 
8 3.1 ± 0.4 16.7 78.4 8 259.1 1.9 
11 4.2 ± 0.6 9.0 26.4 355.0 4.8 
13 3.6±0.2 14.9 1 12.7 304.6 2.5 
14 5.2 ± 0.2 8.1 16.6 434.3 6.4 
Average 4.0 12.2 18.6 338.3 3.9 
value 
'Not included in the average because of the short duration of the experiment 
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Table 5.2 Capillary experiments using silicone oil: Results for the differential method of 
data analysis of height readings 
Differential method 
he X 102 bh X 106 AT, X 108 PC t99 Experiment (m) (m/s) (m2) (Pa) (h) 
8 4.1 12.2 97.6 8 340.5 3.4 
11 3.7 12.1 28.4 307.6 3.0 
13 4.3 14.2 17.1 358.7 3.0 
14 5.5 7.5 15.5 457.6 7.3 
Average 4.4 11.5 20.3 366.1 4.2 
value 
e Not included in the average because of the short duration of the experiment 
Fibre swelling by liquid during the capillary experiment increases liquid retention in the yarn 
and its practical consequence is twofold. Firstly, the actual value for the porosity of the yarn, 
found by equations 5.1 and 5.2, increases from 0.42 to 0.51 (corresponding to an average ATv 
of 18.6 x 10-8 m2) and the theoretical values for P, (according to equation 2.28), he and we 
will also change. These differences are expressed in table 5.3, where the theoretical value for 
he is found by the relation he = Pý/pg and also ww = pATVhe. 
(5.1) sy =1- ATA+ATv 
and 
ATf =N 
nDf2 
4 (5.2) 
where, as one considers a horizontal cross-section of a vertical fibre yarn, ATf is the cross- 
sectional area of all fibre filaments in the yam cross-section, AT,, is the total area of voids in 
the yarn cross-section, N is the total number of fibre filaments in the yarn, and Df is the 
diameter of a single fibre filament. 
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Table 5.3 Capillary experiments using silicone oil: Theoretical values estimated 
according to the Young-Laplace equation 
For AT,, = 13.14 x 10"8 m2 
cy = 0.42 and F=4 
For AT = 18.56 x 10.8 m2 
cy=0.51 andF=4 
Pe (Pa) 10169.4 7198.6 
he (m) 1.212 0.858 
we (kg) 0.1361 x 10"3 0.1362 x 10"3 
Secondly, considering that different experiments were associated with different porosities 
values for the yarns, the curves for height and weight changes have no longer to be 
coincident and the averaged values shown in tables 5.1 and 5.2 are just meant to give a 
picture of the trend of the results. 
In fact, the capillary channels of the yarn and their properties are expected to be a 
consequence of many different factors, such as pore connectivity, total pore volume and 
surface properties of the individual fibres. Besides, there is a distribution of pore sizes due to 
differences in fibre yam width, shape and alignment and also the liquid is responsible for 
shifting the pore arrangement throughout the infiltration process (Carleton and Nelson, 1994; 
Hsieh, 1995). The geometric properties of the fibrous medium and the flow behaviour are, 
therefore, of a complex nature and difficult to quantify, making the estimation of the liquid 
transport properties an overall difficult task. As far as this work is concerned, the capillary 
data presented here are expected to correspond to an averaged behaviour of the flow through 
the yarn. 
Furthermore, although the values for he are at the same order of magnitude as the ones found 
by Batch et al. (1996), for dioctyl phtalate (DOP) oil impregnating continuous roving glass 
fibres reinforcements (with a similar e to this study), they are approximately 20 times lower 
than the theoretical ones. It was proposed by these authors that in case equilibrium was not 
reached due to the long times involved, the theoretical value for the equilibrium height 
should be used instead, and only bh would be estimated by both methods. This half-empirical 
methodology produced more consistent results, and significantly larger he values than the 
previous ones. This particular methodology was not followed in this work due to its strong 
influence on the estimations. 
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Figure 5.9 shows the weight increase for 5 intermediate duration experiments and tables 5.4 
and 5.5 show the respective final results. The uncertainties about the equilibrium state 
persisted and, although both methods showed a reasonable agreement, the values for w, are 
also very far from the theoretical values of table 5.3. 
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Figure 5.9 Weight readings and respective fitting curves (integral approach) 
for five experiments using silicone oil 
An equivalent equilibrium height (hcq) can be predicted from the weight measurements 
according to equation 5.3 and it can be seen that both sets of experiments. namely height and 
weight (with independent measurements), showed equivalent results. Besides, the estimated 
values for hc,, according to the integral method showed a better agreement than those 
estimated according to the differential method. 
h eQ 
We 
ATOP 
(5.3) 
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Table 5.4 Capillary experiments using silicone oil: Results from the integral 
method of data analysis of weight readings 
Integral method 
Experiment we x 103 (kg) b, w x 109 (kg/s) heq x 102 (m) 
8 0.0159* t 0.0009 16.2 a 2.4* 
9 0.0070 ± 0.0001 1.6 4.2 
10 0.0058 t 0.0001 6.9 3.5 
11 0.0066 ± 0.0002 3.3 2.9 
13 0.0047 ± 0.0002 1.9 3.5 
14 0.0059 ± 0.0001 1.4 4.2 
Average value 0.0060 3.0 3.7 
Not included in the average because of the short duration of the experiment 
Table 5.5 Capillary experiments using silicone oil: Results from the differential 
method of data analysis of weight readings 
Differential method 
Experiment We x 103 (kg) b,,, x 109 (kg/s) heq x 102 (m) 
8 0.0138* 27.2 8 1.7* 
9 0.0068 2.5 3.9 
10 0.0058 6.1 3.3 
11 0.0060 5.7 2.5 
13 0.0033 6.7 2.3 
14 0.0053 2.0 4.0 
Average value 0.0054 4.6 3.2 
'Not included in the average because of the short duration of the experiment 
Table 5.6 summarises the results of four of the experiments, including the permeability 
values (calculated by equation 3.21). As the yarns have different porosities, the data can not 
be directly correlated to each other. However, according to equation 3.11 the product of the 
intercept of the dh/dt curve, bh, and E/x, bhc/x, should be constant and equal to pg/µ for all 
silicone oil experiments, considering negligible any variation in either density or viscosity of 
the oil. Furthermore, according to equation 3.14 the term b,, c/KATv should also be constant 
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and equal to p2g/µ. Both terms, namely bhe/x and b,, e/xATv, are also presented in table 5.6. In 
the case of the silicone oil experiments, pg/µ = 8.39 x 104 to 6.99 x 104 and p2g/µ = 7.17 x 
107 to 5.98 x 107, for a viscosity range of 100 to 120 mPa. s. 
C, 
Table 5.6 Comparison of parameters of different capillary experiments using silicone oil 
ATv bh bw 
K c. 1 b bwE 1 
Experiment 8 x 10 E 
6 
x 10 
g 
x 10 Z 
h 
K AT K 
(m2) (m/s) (kg/s) 
(µm) 
x 10-4 
v 
x 10'1 
8 78.4 0.81 16.7 16.2 194 6.99 8.65 
11 26.4 0.59 9.0 3.3 79 6.99 9.80 
13 12.7 0.41 14.9 1.9 88 6.99 6.88 
14 16.6 0.48 8.1 1.4 58 6.99 7.34 
It can be seen in table 5.6 that the values of the bhc/x term derived from the four experiments 
are the same (as it is expected). For the b,, c/xAT term, scatter was observed which might 
have happened due to difficulties at the beginning of the weight data collection. Future work 
should use an automated method to approximate the level of liquid in the beaker to the free 
extreme of the yarn, such as balances with a travelling plate. Also, the weight reading should 
be collected automatically, since its variation is fast making visual observations difficult in 
the early portions of the curve. 
Figure 5.10 shows the variation of the permeability with the volume fraction Vf (using the 
data presented in table 5.6). As a general trend, the lower the porosity of the yarn is - or 
higher Vf is, the lower the permeability is. However, considering the uncertainties about the 
P, and K values, further refinement of the estimations should be carried out in order to 
conclusively present the variation of x with Vf. 
Following the progress of silicone oil through a glass-fibre yarn experiment for longer 
periods of time proved to be troublesome due to the arduous task of visually observing the 
flow front. Due to inherent characteristics of the oil and the low amounts of oil involved, the 
flow front tended to faint and not even the inclusion of blue or red dyes proved satisfactory. 
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Figure 5.10 Variation of permeability according to the fibre volume fraction 
of the fibre yam (experiments 8-", 11 - f. 13 -  and 14 -A. using silicone 
oil) 
5.1.2 EPOXY RESIN 
This section contains results of capillary experiments involving a single fibre yarn which has 
been infiltrated by an epoxy resin (without a curing agent), according to section 3.2.1.1. 
The height and weight readings for three experiments conducted by using the epoxy resin are 
shown in figures 5.11 and 5.12. The height measurements showed a particularly good 
agreement between the three experiments and comparable results can be expected. 
Tables 5.7 and 5.8 show the final results from both integral and differential methods of data 
analysis of the height readings, respectively. The results obtained showed a very good 
agreement. Although the experiments were carried out for up to 2.5 hours, the equilibrium 
times estimated from the data were much longer (: ý- 18.4 h). The high viscosity of epoxy is 
responsible not only for the long equilibrium times, but also for large Ai, values 
(5.5 x 10-7 m2 ). It seems that due to insufficient load imposed to the yarn, as the fluid flows 
through the pores. it opens them at an even larger extent than that obtained for the silicone 
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oil. increasing the total area available for the flow. Consequently, the yarn porosity, in this 
case, would be much higher (F,; zz 0.75). 
The results for h, and consequently Pc, bh and tc for both methods were within a range 
of 10%. ATv showed a larger scatter, as it is predictable since its determination requires the 
use of many other parameters, accumulating inaccuracies in the final result. 
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Figure 5.11 Height data and respective fitting curves tier capillary 
experiments 19,20 and 22, using epoxy resin as the infiltrating liquid 
Table 5.7 Capillary experiments using epoxy resin: Results from the integral method of 
data analysis of height readings 
Integral method 
h, x 102 bh x 107 107 A,, x P, too Experiment 
(m) (m/s) 2 (m`) (1, a) (h) 
19 2.0±02 12.1 5.5 225.9 16.9 
20 2.3 ± 0.2 9.8 5.2 260.0 24.0 
22 1.8 ± 0.1 12.9 5.8 203.1 14.2 
Average 2.0 11.6 5.5 229.7 18.4 
value 
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Figure 5.12 Weight readings and respective fitting curves for experiments 
19.20 and 22, using epoxy resin 
Table 5.8 Capillary experiments using epoxy resin: Results from the differential method of 
data analysis of height readings 
Differential method 
h, x 102 hi, x 10' Ay, x 107 PC toq : xperiment (m) (m/s) 2 (m (Pa) (Ii) 
19 2.2 9.9 7.6 244.6 22.5 
20 2.4 11.6 10.0 269.5 21.0 
22 2.1 12.5 7.4 238.1 17.2 
Average 2.2 11.3 8.3 250.7 20.2 
value 
Tables 5.9 and 5.10 present the final values for the weight data. In this case, although both 
methods still show some agreement for we, bw and h..., the hy values are even lower than h, 
This might be reflecting further difficulties in setting the balance reading to zero as soon as 
the yarn was put in contact with the high viscosity resin. As a whole, the different epoxy 
experiments showed more concordance between each other and the averaged results give a 
good representation of the results. 
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Table 5.9 Capillary experiments using epoxy resin: Results from the integral 
method of data analysis of weight readings 
Integral method 
Experiment We x 103 (kg) bH, x 109 (kg/s) heq xl 02 (m) 
19 0.0058 ± 0.0001 2.1 0.9 
20 0.0058 ± 0.0001 1.6 1.0 
22 0.0050 ± 0.0001 2.3 0.8 
Average value 0.0055 2.0 0.9 
Table 5.10 Capillary experiments using epoxy resin: Results from the differential 
method of data analysis of weight readings 
Differential method 
Experiment we x 103 (kg) bW, x 109 (kg/s) heq x 102 (m) 
19 0.0064 0.8 0.7 
20 0.0059 1.2 0.5 
22 0.0049 2.0 0.6 
Average value 0.0057 1.3 0.6 
Although the equilibrium time was never reached, the variation of dh/dt versus 1/h 
(figure 5.13) and dw/dt versus 1/w (figure 5.14) proved again to be linear (see equations 3.9 
and 3.13). The x-intercept of these curves, corresponding to the time when the movement of 
the column of liquid stops, gives, respectively, the estimated equilibrium height and weight 
for the different experiments and one can notice that the experiments produced very similar 
x-intercepts in both figures. 
Table 5.11, presents the theoretical values for the epoxy resin as estimated according to the 
Young-Laplace equation. The same features discussed in section 5.1.1 are repeated here. The 
estimated values for he and we are 13 and 30 times lower than the theoretical ones, 
respectively. 
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Table 5.11 Capillary experiments using epoxy resin: Theoretical values estimated 
according to the Young-Laplace equation 
For AT,, = 13.14 x 10-8 m2 
cy = 0.42 and F=4 
For AT, = 5.48 x 10'7 (m2) 
ey=0.75andF=4 
Pe (Pa) 12573.1 3013.4 
he (m) 1.132 0.271 
we (kg) 0.1684 x 10"3 0.1684 x 10"3 
Considering the difficulties in finding he, it was decided to carry out another experiment for a 
single yarn, allowing the experiment to run for a much longer period - approximately 
23 days. The same set-up described in section 3.2.1.1 was used, but this time one extreme of 
the yam was attached with tape at the bottom of the beaker as an attempt to restrict the 
opening of the pores within the yam due to the flow of resin. A travelling microscope was 
used to trace more accurately the flow front. 
The height of the flow front as a function of time and the fitting curve according to the 
integral method are shown in figure 5.15 along with the experimental data 
(experiments 19,20 and 22) previously shown. 
The fitting curve of the long-run experiment is within a reasonable agreement with the bulk 
of previous experiments. Differences are expected and should be mainly attributed to 
individual characteristics of porosity and, consequently, capillary pressure and permeability. 
Equilibrium was still not reached, with a resin rise of 0.5 x 10"2 m/day by the end of the 
experiment. 
The values derived from the two fitting procedures of data analysis for the long-run 
experiment are shown in table 5.12. In this table, it can be seen that the predictions of P,, are 
now much greater for both fitting methods. One peculiarity is that t99 times are now in the 
range of years. 
The Young-Laplace equation was applied again considering a corrected porosity value, 
according to section 5.1.2.1, and the theoretical values for Pc, he and ww are shown in table 
5.13. It can be seen that now the theoretical values for he and Pc are in a much better 
agreement with the experimental data of the long-run capillary experiment (table 5.12), with 
a scatter within 6%. 
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and the fitting curve (integral approach) for the long-run experiment 
Table 5.12 Height results from the long run capillary experiment using epoxy resin 
h x 102 (m) P, (Pa) bi, x 108 (m/s) tt)) (days) 
Integral 0.865 9600.2 1.29 2816 
method 
Differential 0.888 9860.0 1.32 2819 
method 
Average 0.876 9730.1 1.30 2817 
Table 5.13 Capillary experiments using epoxy resin: Theoretical values 
according to the Young-Laplace equation using the corrected yarn porosity value 
For A1 ,=1.61 x 10"7 m 
2, r:, - 0.47 and F=4 
P, (pa) 10290.6 
h, (m) 0.927 
w. (kg) 0.1684 x 10-; 
Table 5.14 and figure 5.16 summarise the results for four different capillary experiments 
using epoxy resin, including the long run one. The results of bhE/K and bwe/(KAi) confirm 
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satisfactory agreement between the different experiments. A smaller scatter (3 %) compared 
to the silicone oil experiments was also observed in the b rs/JATv term perhaps demonstrating 
that the last experiments, using epoxy resin, were carried out in a more controlled way. 
Figure 5.16 shows the variation of permeability as a function of the fibre volume fraction of 
the yam and the fitting curve obtained by the Carman-Kozeny equation. Once again, the 
lower the porosity of the yarn, the lower its permeability. A Kozeny constant of 
approximately 0.3 was found although there are uncertainties about this value due to the 
problems encountered by the early experiments and besides only four points (with different 
porosities) were available, restricting the validity of the fitting procedure. The Carman- 
Kozeny equation will be further discussed in section 5.2.2. 
Table 5.14 Comparison of parameters from different experiments using epoxy resin 
ATv 
7 
bh 
1 
bW 
9 K c1 b . 
bWE1 
Experiment x 10 sy x 10 x 10 2 
h x AT, x 
(m) (m/s) (kg/s) 
(µm) 
x 10"3 x 10"7 
22 5.8 0.76 12.94 2.3 193 5.14 1.59 
19 5.5 0.75 12.14 2.1 177 5.14 1.62 
20 5.2 0.74 9.80 1.6 141 5.14 1.64 
Long run 1.6 0.47 0.13 ---- 1.18 5.14 ---- 
5.1.2.1 DETERMINATION OF THE FIBRE VOLUME FRACTION OF 
A SINGLE YARN 
The long-term epoxy-resin capillary experiments produced only height readings. Weight 
readings were not obtained since such a long piece of fabric (0.2 m) could not be fitted inside 
the balance chamber. Also, the balance could not be allocated for the experiment for such a 
long period of time. Therefore, it was not possible to estimate Aiv and e according to the 
method described in section 3.2.2. 
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Figure 5.16 Change of permeability with the fibre volume fraction of the 
yarn for different epoxy resin experiments (long run - f. 20 - ", 19 -. and 
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In order to determine the fibre volume fraction of the yam, 36 independent yarns were 
infiltrated by a mixture of epoxy resin and curing agent (3: 1 by weight). The same set-up 
described in section 3.2.1.1 was used, again with one extreme of the yarn taped to the bottom 
of the beaker, as in the long-run experiment in section 5.1.2. The resin managed to rise to an 
approximate height of 2x 10-2 m above the surface of the liquid before hardening. Burn-off 
tests were carried out and the average porosity within the yarn was found to be c, = 0.45. 
In order to confirm the porosity value obtained with the burn-off test. it was decided to carry 
out also microscopy analysis on the hardened yarns. The micrographs were scanned, 
converting them into a digital form, allowing the use of the UTHSCA Image Tool software. 
The output data of the analysis of the objects were area (counted as a sum up of pixels 
constituting the object), perimeter, and major and minor axis of the ellipse (assuming that the 
cross-sectional area should be of elliptical shape). 
The micrographs used for the image analysis are shown in figure 5.17. where two individual 
bundles can be seen, and the results of the image analysis are summarised in table 5.15. In 
this table it can be seen that both samples give very similar results for the total area of the 
Fitting 
.. (1 - yf)3 K=2.49x 10- 
V1,2 
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yarn and the total area of voids in the yarn. The measurements of major and minor axis are 
just for illustrative purposes and suggest a difference in the shape of the yam which, 
however, has not altered the porosity (z- 0.47). 
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Figure 5.17 'Microscopy analysis ut two single yarn 
cross-sections (both size bars represent 100 pm) 
Table 5.15 Results of the image analysis of the photographs of the cross-sections of single 
yarns (figure 5.17) obtained from the optical microscope 
Total yarn Perimeter 
Major axis Minor axis n1;, 
Photograph area x 10; 
length 
' 
length 
, x 10' ý;, n x 10 
2 (in) 
x l0 x 10 2 (m ) 
(m ) 
(a) 3.450 3.235 1.150 0.424 1.636 0.474 
(b) 3.388 2.692 0.899 0.494 1.574 0.465 
Average 3.419 2.964 1.025 0.459 1.605 0.470 
" Calculated according to A,, = total yarn area - NmR,. -; where n is the number of' fibre filaments in a 
single yarn and R1 is the radius of a single fibre filament 
h e, =1- NltRf 21( total yarn area) 
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Considering the excellent agreement between these values, a porosity of 0.47 for the yarn 
was attributed to experiments using the procedure of attaching one extreme of the yarn to the 
bottom of the beaker, confirming the success in restricting the swelling of the yarn by the 
infiltrating liquid. 
5.2 RESULTS OF COMPUTER SIMULATIONS OF 
CAPILLARY FLOW THROUGH A SINGLE YARN 
The computer simulations of section 5.2 were carried out by running the program of flow 
height as a function of time as described in section 4.1.1, based on the theory described in 
section 4.1. The aim of the computer simulations of capillary flow through a single yarn is (a) 
to use the output results of flow height obtained from the program to build graphs that would 
simulate the infiltration process, and (b) to determine the permeability and capillary pressure 
of the fibre yarn. The values of P, and K were determined in a trial-and-error procedure as 
follows: A pair of P, and x values are guessed and given as input values to run the computer 
program. The success of this .. 
is assessed by mainly considering how close is the 
predicted curve, of flow height as a function of time to the corresponding experimental data. 
Figures 5.18 to 5.20 present a sensitivity analysis for the vertical capillary flow of silicone oil 
which has been used as a model Newtonian fluid in an E-glass fibre yam with a porosity of 
0.50. Figure 5.18 illustrates the influence of different inputted permeability values, namely 
0.5,1.0 and 2.0 x 10"12 m2, on the capillary flow curve. As expected an increase in 
permeability is responsible for an increase in the rate of the flow height rise, in other words, 
the capillary flow takes less time to approach equilibrium. 
It is important to mention that the three curves presented in figure 5.18 eventually reach the 
same equilibrium height, which is dependent only on Pc. This is shown in figure 5.19, where 
the computer simulation is continued until equilibrium is reached (he = 0.596 m). 
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Figure 5.18 Vertical axial capillary flow of silicone oil in a single yarn: 
predicted curves for different permeability values; P, = 5000 Pa for all curves. 
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Likewise, the influence of changing the capillary pressure on the final curve can also be 
simulated, as it is shown in figure 5.20. As expected, if the permeability is kept constant, an 
increase in Pc also shifts the flow height curve upwards. The three curves presented in this 
figure reach different equilibrium positions, according to PC. Therefore, the flow curves for 
the yarn predicted from the computer simulations have to be regarded as a result of the 
combination of these two input parameters, PC and K. 
Subsequent plots of predicted flow curves to be shown in this section will be compared with 
experimental data and will cover only the duration of the experiment, but one has to bear in 
mind that in most of them the equilibrium is still far. 
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Figure 5.20 Vertical axial capillary flow of silicone oil in a single yarn: 
predicted curves for different P, values; K=5.5 µm` for all curves. 
5.2.1 SILICONE OIL 
One important feature of all simulated flow runs for silicone oil is that whenever data from 
tables 5.1 and 5.6, whose values were obtained from the integral fitting procedure of the 
Pc --. 25.00 Pa 
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experimental data of the capillary experiments, are used as the input values, the modelled 
curve satisfactorily represented the data for the duration of the experiment (Amico and 
Lekakou. 1998). 
For instance, figure 5.21 shows the predicted flow curves for different pairs of inputted 
values for capillary pressure and permeability for experiment 8 along with the experimental 
data. It can be seen that the predicted curve from the simulation run which used input values 
according to tables 5.1 and 5.6 (P, = 259 Pa and K= 194 x 10-12 m2) shows a fair 
representation of the experimental points. Therefore, as expected the values originated by the 
integral fitting method represent the data for at least the duration ofthe experiment. 
If purely theoretical predictions are made using the Young-Laplace equation for P, and 
Carman-Kozeny equation for K, the result is that P, = 1727 Pa and K= 366 µm2 - using 
K(, 0.3 (as shown in section 5.1.2), the output flow height curve highly overestimates the 
experimental results (see figure 5.21). This is attributed to the fact that insufficient time has 
been allowed for the experiment, misleading the estimations of Pc and K, following reports in 
the literature (Batch el al., 1996; Amico and Lekakou. 1999). 
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Figure 5.21 Vertical axial capillary flow of silicone oil in a single yarn: 
predicted flow curves fier different pairs of P, and x values and data from 
experiment 8. (P, values are in Pa and x values are in m2) 
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Young-Laplace equation requires the determination of a, 0, Rf, F and e. Considering that ß, 0 
and Rf were measured, F is a constant and c was estimated from the experiments, the 
theoretical Pc (1727 Pa) is not supposed to be far from its right value. Bearing that in mind, 
new curves can be generated until the data is best matched, which happens for a permeability 
value around 18 µm2, where Pc = 1727 Pa, according to the Young-Laplace equation (see 
figure 5.21). 
Alternatively, the theoretical determination of x from the Carman-Kozeny equation requires 
the knowledge of c, Rf and Ko and due to the large uncertainties regarding K., the 
determination of xis subject to questioning. Nevertheless, if x is considered to have been 
correctly estimated (x = 366 µm2 with a K, ,;: t; a Pc of about 190 Pa could be estimated to 
best fit the data. 
Subsequent experiments will use the same procedure of changing input values in an 
analogous way, although, only the flow predicted with input values from the integral fitting 
of experimental data curve and the one related to the theoretical Pc will be shown. 
Nonetheless, similar findings were reached for different experiments. 
For experiment 11 (figure 5.22) the curve originated with the input data from tables 5.1 
and 5.6 (P, = 355 Pa and is = 79 µm2) also properly represented the experimental values and 
if the theoretical Pc is considered to be correctly estimated (P, = 5117 Pa, from the Young- 
Laplace equation), x should be -- 2.8 µm2 to approximate this curve to the experimental data. 
For experiment 13 (figure 5.23) the curve originated with the values from tables 5.1 and 5.6 
(P, = 305 Pa and x= 88 µm2) also properly represented the experimental values. With a 
theoretical Pc of 10597 Pa (for c=0.41 in the Young-Laplace equation), x would be equal 
to 1.4 µm2 in order to approximate this curve to the experimental data. 
For experiment 14 (figure 5.24) the curve originated from the values from tables 5.1 and 5.6 
(P, = 434 Pa and x= 58 µm2) properly fitted the experimental values. If the theoretical Pc is 
considered to be correctly estimated from the Young-Laplace equation (Pc = 7978 Pa), 
x would be about 1.9 µm2. 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 159 
V- Infiltration of a Single Yarn 
0.040 
0.03 5 
0.030 
0.025 
E 0.020 
0.015 
0.010 
0.005 
0.000 
Pc=355 Pa and i79 x10-12 
" Experimental points - Capil. II 
I P, =5 117 Pa and i2.8 xl O-' 
2 m2 
0 500 1000 1500 2000 2500 3000 
t (s) 
Figure 5.22 Vertical axial capillary flow of silicone oil in a single yam: 
predicted flow curves for different pairs of Pc and K values and data from 
experiment 11 
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Figure 5.23 Vertical axial capillary flow of silicone oil in a single yarn: 
predicted flow curves for different pairs of Pc and K values and data from 
experiment 13 
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Figure 5.24 Vertical axial capillary flow of silicone oil in a single yarn: 
predicted flow curves for different pairs of Pc and K values and data from 
experiment 14 
Table 5.16 summarises the results obtained from the simulation runs for the yarn being 
infiltrated by silicone oil and as it can be seen, the lower the porosity of the yarn, the lower 
the permeability. Comparison of tables 5.6 and 5.16 shows that the permeability values are 
much smaller than first estimated from the experiments. This happened because the 
insufficient experimental time misled the initial estimations. obtained from the integral 
fitting. 
Table 5.16 Summary or findings from the computer simulations for the single yarn 
Experiment sy (1-V, )3 /(V, -)2 Pc (Pa)* K (rn2) 
8 0.81 14.72 1727 18 x 10-12 
11 0.59 1.22 5117 2.8 x 10-12 
14 0.48 0.41 7978 1.9 x 10"12 
13 0.41 0.20 10597 1.4 x 10-12 
Estimated from the Young-Laplace equation 
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5.2.2 EPOXY RESIN 
The same procedure for the simulation runs was followed for the epoxy resin as for the 
silicone oil. Likewise for the epoxy resin, whenever the values from tables 5.7 and 5.16 were 
used as input values for the simulation runs, the resulting flow curve satisfactorily represents 
the data for the duration of the experiment. 
The simulated flow curves for experiment 19 are shown below (figure 5.25). The curve 
obtained using the input data from tables 5.7 and 5.16 (P, = 225.9 Pa and K= 177 µm2) 
shows a good representation of the experimental data. If the theoretical P, (from the Young- 
Laplace equation) is used instead (Pc = 3034.9 Pa), x would be about 8 µm2 in order to best 
fit the experimental flow data. 
For experiment 20 (figure 5.26), the flow curve generated by using the values from tables 5.7 
and 5.16 (Pc = 260.0 Pa and K= 141 µm2) once more showed agreement with the 
experimental data. If the theoretical P, (from the Young-Laplace equation) is considered to 
be correctly estimated (P, = 3198.9 Pa), ax of about 7.2 µm2 can be estimated. 
For experiment 22 (figure 5.27), the input data from tables 5.7 and 5.16 were Pc = 203.1 Pa 
and x= 193 µm2, and for a theoretical P, = 2875.1 Pa (from the Young-Laplace equation), a 
x=8.3 µm2 is found to fit the experimental data. 
For the long run experiment (figure 5.28), the input data from tables 5.7 and 5.16 were 
Pe = 9600.2 Pa and x=1.18 µm2 and showed to be in accordance to the experimental data. 
The theoretical input data of P. = 10267 Pa and K=9.2 µm2 (using K. szý 0.3) result in a 
clearly overestimated flow curve. On the other hand, by using the theoretical capillary 
pressure (P, = 10266.9 Pa - from the Young-Laplace equation) a permeability value 
of 1.1 µm2 makes the curve fit the data, being very close to the result of 1.18 µm2, estimated 
by the integral fitting of the experimental data. Actually, both curves are virtually coincident 
for these values. 
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Figure 5.25 Vertical axial capillary flow of epoxy resin in a single fibre 
yarn: predicted flow curve for different pairs of Pc and K values and data from 
experiment 19 
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Figure 5.26 Vertical axial capillary flow of epoxy resin in a single yarn: 
predicted flow curves for different pairs of Pc and x values and data from 
experiment 20 
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Figure 5.27 Vertical axial capillary flow of epoxy resin in a single yarn: 
predicted flow curve for different pairs of Pc and K values and data from 
experiment 22 
The theoretical permeability value K=9.2 µm2 (from the Carman Kozeny equation fier 
K(, z 0.3), however, showed to be inappropriate, since no P, value would lit the whole 
duration of the experiment. As an example. the curve for P, = 2100 Pa and K=9.2 µm' is 
shown in figure 528, where the curve shows agreement only up to about 6500000 s and, 
from then on, an invariable underestimation of the experimental data is observed. 
This long-run experiment provided trustworthy data that clearly show that the Carman- 
Kozeny constant (K) should be greater than previously thought. The previous estimation of 
KO from the integral fitting procedure was found by underestimated Pc results and. 
consequently, overestimated K values, which will surely cause abnormalities in the K value. 
Table 5.17 summarises the results obtained from the simulation runs for the yarn being 
infiltrated by epoxy resin and again the lower the porosity of the yarn, the lower the 
permeability, as dictated by the Carman Kozeny equation. 
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Figure 5.28 Vertical axial capillary flow of a Newtonian epoxy resin in a 
single fibre yarn - long-term experiment: predicted flow curves for different 
pairs of capillary pressure and permeability values 
Table 5.17 Summary of findings from the computer simulations for the single yarn 
Experiment (1-Vß)3/(Vt)` P, (Pa) x (nr) 
22 0.76 7.62 2875.1 8.3 x 10- 
19 0.75 6.75 3034.9 8.0 x 10"12 
20 0.74 5.99 3198.9 7.2 x 10"12 
Long-run 0.47 0.37 10266.9 1.1 x 1(1-12 
Estimated from the Young-Laplace equation 
't'herefore. the theoretical P, value proved to be not only experimentally achievable for long- 
run experiments but also responsible for producing simulated curves with good agreement 
with the experimental data 
Furthermore. considering that the theoretical Pc values for the experiments are correct, one 
can plot the predicted values for K against (1-Vß 
3/(V1)`, as shown in figure 5.29, in order to 
find a new Kozeny constant from the slope (S) of the fitting straight line according to 
equation 5.4. Actually, as K represents the tortuosity of the flow path and pore 
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nonuniformity, it should be independent of the fluid, unless the fluid itself is responsible for 
changes in the flow characteristics. Therefore data for both silicone oil and epoxy resin 
experiments were plotted in the same figure. 
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Figure 5.29 Points from the capillary flow simulations for silicone oil 
(capil. 8-", capil. II-f, capil. 13 -  and capil. 14 - A) and epoxy resin 
(capil. 19 -  , capil. 20 - ", capil. 22 -f and long-run - A) along a fibre yarn 
and fitting lines used in the determination ol'the Carman-Kozeny constant 
(5.4) 
As mentioned by Skartsis el al. (1992a), the fact that the Kozeny constant (K) is fairly 
constant for a practical range of porosities (c z 0.4 - 0.7) has made the Carman-Kozeny 
equation very popular. However, the Kozeny constant is a subject of controversy and 
different authors have reported very discrepant values: 
" Williams el al. (1974) proposed K = 0.1 - 0.8 (c = 0.8 - 0.35) for different fibrous beds, 
stressing that K decreases as the porosity increases; 
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" Gutowski et al. (1987) obtained a KO= 18 for oil flowing through an aligned carbon fibre 
bed; 
" Lam and Kardos (1989) found Ko = 0.35 (for silicone oil as permeating fluid) - 0.68 (for 
water) for parallel flow through graphite fibres and 11 for perpendicular flow (c = 0.25 - 
0.50), decreasing substantially for lower porosities; 
" Gebart (1992) estimated Ko = 1.78 (for flow parallel to a quadratic fibre arrangement), 
1.66 (for flow parallel to a hexagonal fibre arrangement), and 8.0 (for transverse flow); 
" Skartsis et al. (1992b) presented data of experimental and theoretical results for axial 
flow through aligned cylinder arrangements (square and triangular arrays) where I(, is 
shown to vary in the range of approximately 0.8 (a = 0.2) to 6 (a = 0.8); 
" Lindsay (1994) suggested that the Ko is an empirical factor for real porous media, usually 
dependent on the porosity, and reported a value of 5.55 for fibrous media and 3-7 for 
porosities less than 0.8; 
" Chen et al. (1995b) reported a Kozeny constant of 180 for fibrous mats; 
" Batch et al. (1996) found Ko = 1.06 for longitudinal infiltration of aligned glass fibre beds 
and K. stý 8 for transverse infiltration; 
" Muzzy et al. (1999), more recently, obtained a iC in the range of 7.6 for a glass mat. 
Although success in the use of a Kozeny constant has been reported, it is currently becoming 
common sense that this constant varies depending not only on the fibrous preform and the 
direction of the flow but also on the porosity (Phelan and Wise, 1996) and should be treated 
with caution. 
Bearing in mind the variation of Ko with the volume fraction, two I( were estimated from 
figure 5.29, one for the range of c=0.41 - 0.48 (S = 4.366 x 10"12) and the other for the range 
of s=0.70 - 0.81 (S = 1.194 x 10"12). The values found for a single yam according to 
equation 5.4 were, respectively, 1.58 and 5.77. 
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Overall, considering all the data that has been presented, it could be said that if the 
experiment is not left for a sufficiently long time to approach equilibrium, the proposed 
capillary flow model, as other models (Batch et al., 1996), is likely to lead to an 
underestimation of Pc, consequently, increasing the x value and altering the Carman-Kozeny 
constant, since these parameters are linked. Although a wide number of combinations of 
values of these parameters, namely Pc and x, can satisfy the experimental data for a short 
infiltration time, the number of combinations are restricted for longer times making the fitting 
procedure more reliable and once again proving the importance of the duration of the 
experiment when mathematical curve fitting of capillary experiments is used. 
In other words, a few experiments have to be carried out until near equilibrium and then, the 
Carman-Kozeny constant for that range of porosity can be properly estimated and, from then 
on, the program can be used to accurately predict the flow progress for different conditions. 
Alternatively, Pc can be theoretically estimated and the capillary flow program can be used to 
determine the permeability without the need of a Kozeny constant. 
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The capillary flow experiments described in this section were carried out mainly to determine 
the capillary pressure and permeability of the plain woven glass-fibre fabric used. As 
happened for the single-yarn, the capillary experiments were carried out for silicone oil and 
epoxy resin according to the procedure described in section 3.2.1.2 and the height and weight 
readings were analysed according to the integral and differential approaches described in 
section 3.2.2. 
6.1 SILICONE OIL EXPERIMENTS 
Figure 6.1 shows the results obtained for a typical capillary flow experiment in which the 
plain-woven glass-fibre fabric was impregnated by silicone oil. The integral fitting procedure 
still seems appropriate for both height and weight readings. An experimental time of 6 hours 
was not enough to reach equilibrium. 
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Figure 6.1 Height and weight readings and respective fitting curves for 
experiment 38 of capillary flow of silicone oil through a plain woven glass- 
fibre fabric 
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Figure 6.2 presents the height increase of the silicone oil infiltrating the fabric in four 
different experiments. The data for the experiments fairly coincide and the fitting curves are 
also very close to one another. Small variations can be attributed to the fact that the position 
of the height of the column presented some variation amongst the yams and when that was 
noticed, an averaged position had to be considered. This phenomenon was more apparent for 
longer experiments; for instance, figure 6.3 shows a picture of a long-run experiment in 
which the fabric was being infiltrated by epoxy resin + blue dye. As it can be seen in this 
figure, the flow front is inhomogeneous and some axial yarns seem to have allowed the 
development of a faster flow. This can only be explained by the specific characteristics of 
each yam (Saunders et al., 1998) with its own pore size and distribution. 
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Figure 6.2 1lcight readings and respective fitting curves for capillary flow 
experiments of silicone oil through a plain woven glass-fibre fabric 
Tables 6.1 and 6.2 present the height results from tour experiments in which the plain-woven 
glass-fibre fabric was impregnated by silicone oil. Neglecting the individual differences of 
the yams in the fabric, the experiments were expected to give similar results. In fact, the 
agreement is very good and the h, value (from the integral method), for instance, is within a 
scatter of 8.5 % for the different experiments. The integral method once again proved to 
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produce more reliable results than the differential method, conferring a smaller standard 
deviation for all presented values. An experimental time of up to 5.7 hours for the height and 
7.1 hours for the weight experiment was again not sufficient to reach equilibrium. 
. T, 4" 
Figure 6.3 Photograph of the 
infiltration of the plain woven glass-fibre 
fabric at the flow front; the infiltration 
liquid is epoxy resin with a blue dye 
Figure 6.4 presents the weight readings from the four experiments and tables 6.3 and 6.4, the 
estimated results for the weight increase for the integral and differential method, respectively. 
The values for different experiments, however, are not directly comparable since the width of 
fabric submitted to the test varied. The manual stitching procedure, necessary to avoid 
fraying and edge effects decreased the degree of width control that could be obtained with the 
use of tape. 
Considering the apparent suitability of the long run experiments, it was decided to leave the 
experiment running for an even longer period - about 19 days. The height of the flow front of 
such experiment as a function of time and the fitting curve according to the integral method 
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are shown in figure 6.5 along with the experimental data (experiments 35,36,37 and 38) 
previously shown. Figure 6.6 shows an expanded area of the initial portion of figure 6.5. 
Table 6.1 Capillary flow experiments of a plain woven glass-fibre fabric being infiltrated 
by silicone oil: Results from the integral method of data analysis of flow height readings 
Integral method 
Experiment he x 102 (m) bh x 107 (m/s) P. (Pa) t99 (h) 
35 19.0 8.525 1593.6 224.2 
36 18.9 8.918 1590.7 214.8 
37 20.1 10.000 1683.1 201.8 
38 18.5 11.976 1550.5 155.1 
Average value 19.1 9.855 1604.5 199.0 
Standard 
deviation 0.7 1.546 56.0 30.7 
Table 6.2 Capillary flow experiments of a plain woven glass-fibre fabric being infiltrated 
by silicone oil: Results from the differential method of data analysis of flow height readings 
Differential method 
Experiment he x 102 (m) bh x 107 (m/s) P. (Pa) t99 (h) 
35 24.5 7.16324 2055.6 344.0 
36 19.2 8.6836 1608.0 222.0 
37 22.5 9.4934 1890.2 238.7 
38 19.2 11.544 1612.9 167.5 
Average value 21.4 9.221 1791.7 243.1 
Standard 
deviation 2.6 1.825 219.9 73.8 
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Figure 6.4 Weight readings and respective fitting curves for five 
experiments of capillary flow infiltration of the plain woven glass-fibre fabric 
by silicone oil 
Table 6.3 Capillary flow experiments of a plain woven glass-fibre fabric being infiltrated 
by silicone oil: Results from the integral method of data analysis of flow weight readings 
Integral method 
Experiment w, x 10' (kg) b x 108 (kg/s) to, ) (h) 
35 1.3080 6.192 21.2 
36 1.3743 2.857 48.4 
37 0.9690 10.767 9.1 
38 0.9115 2.941 1.2 
As can he seen. the experimental points of the long-run experiment are in agreement with the 
bulk of previous experiments. Equilibrium was not reached yet. with an average oil rise of 
10 mm per day for the long run experiment. Furthermore, the fitting curve gives a very good 
representation for the whole data range. Overall the fabric experiments showed a much 
greater reproducibility than the yarn ones. The reason for this is that the fibre yarns were 
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Figure 6.6 Capillary flow infiltration of' the plain woven glass-fibre fabric 
by silicone oil: Zoomed area of the height readings of five experiments 
Table 6.5 shows the results for the flow of silicone oil through the fabric in the long-run 
experiment according to both fitting methods. The results of Pc are now significantly higher 
than for the first experiments with the fabric, once again confirming the importance of the 
duration of the experiments on the final results. The permeability values found were 
3.9, c (0'r and 4.9k IÖ 1 for the integral and differential method, respectively, using a 
porosity value for the axial yarn equal to 0.384, according to section 6.2. 
Table 6.5 Capillary flow infiltration of the plain-woven glass-fibre by silicone oil: Results 
From the long-run experiment according to both methods of data analysis of height readings 
Integral Method I)ilterential Method 
h, x 102 
(m) 
bh x 10' 
(m/s) 
P, 
(Pa) 
Wy 
(days) 
h, x 102 
(111) 
h1, xl Ox 
(m/s) 
PC 
(Pa) 
taw 
(days) 
136.2 8.612 11424.2 662.2 130.3 10.77 10925.1 506.8 
Permeability = 3.9 x 10-13 m` 
1 Permeability = 4.9 x 103 m2 
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A comparison of the results for the yarn and the fabric impregnated by silicone oil (see 
figure 6.7) shows that the yam axial capillary flow experiments are invariably faster than the 
fabric ones. As the porosity influences not only Pc but also K. direct comparisons can not be 
easily drawn at this point and the effects of differences in porosity and of the presence of 
transverse yarns in the fabric, which would slow down the axial flow, are still to be 
discussed. 
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Figure 6.7 Capillary flow of silicone oil: Comparison of four experiments 
for the yarn (blue data points) with four experiments tier the fabric (red data 
points) 
6.2 EPOXY RESIN EXPERIMENTS 
First of all the fabric was impregnated with a curing epoxy resin mixture in a vertical axial 
capillary flow experiment and left to cure in order to measure its fibre volume fraction, in a 
similar manner as in the fibre yarn (see section 5.1.2.1). The laminate was sectioned through 
the thickness and the sections were polished and examined under the optical microscope. 
  Capi1.13 " C'api1.14 
" Capi1.35   Capil. 36 " Capit. 37 " Capil. 38 
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The results obtained from photographs of the axial and transverse yarns are shown in tables 
6.6 and 6.7, respectively. The results found for yarns parallel and transverse to the flow 
direction are very similar and the scatter is within the experimental error range. A porosity of 
about 0.38 was found and this value was used for the estimation of the theoretical P, and he 
values (see table 6.10). 
Table 6.6 Results of the image analysis of the photographs of warp yams (parallel to the 
flow direction) 
Total yarn Perim ter 
Major axis Minor axis 8 AT` 
Sample area 
x 107 x 
10, 
length 
x 103 
length 
x 103 x 
10 £ 
(m2) 
(m) 
(m) (m) 
( m2) 
1 2.939 2.845 1.237 0.333 1.125 0.383 
2 2.896 2.929 1.263 0.316 1.082 0.374 
3 2.995 2.954 1.164 0.349 1.181 0.394 
Average 2.943 2.910 1.221 0.333 1.129 0.384 
Standard 
deviation 0.049 0.057 0.051 0.017 0.050 0.010 
e As shown in section 5.1.2.1 
Table 6.7 Results of the image analysis of the photographs of weft yarns (transverse to the 
flow direction) 
Total yarn perimeter Major axis 
Minor axis ATv a 
Sample area 
x 107 
3 X 10 
length 
X 103 
length 
X 103 X 
10 a 
(m2) 
f 
`m) (m) (m) 
!z `m ) 
1 2.882 2.996 1.249 0.323 1.068 0.371 
2 2.841 2.836 1.169 0.362 1.027 0.362 
3 2.832 2.946 1.216 0.338 1.018 0.359 
4 2.880 3.033 1.265 0.341 1.066 0.370 
Average 2.852 2.953 1.225 0.341 1.045 0.366 
Standard 0.026 0.085 0.043 0.016 0.026 0 006 deviation . 
'As shown in section 5.1.2.1 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 178 
Chapter VI - Capillary Flow Through a Plain-Woven Glass-Fibre Fabric 
When using the data presented in these tables to estimate the theoretical Pc value or to 
compare it to the silicone oil experiments, one has to bear in mind that there are two opposing 
factors altering the original value of the porosity of the yarn. Not only the epoxy used in the 
experiment has a greater viscosity than the silicone oil, which might cause a different degree 
of opening of the yarn as flow occurs, but also the epoxy is expected to shrink upon curing, 
decreasing the area of the yarn. However, the use of a curing resin is the only feasible 
experimental alternative to estimate the porosity of the fibrous medium unless glass- 
capillaries are used. Only by neglecting these two factors, can the estimated value for the 
porosity be considered correct. Also, this porosity value may be used as a standard value for 
the silicone oil experiments, since the impregnation of the fabrics is not expected to provoke 
a considerable change in the total area of pores within the yarns due to the more intricate 
architecture of the fabric. 
Comparison of tables 5.15 and 6.6 for the porosity of the yam shows that, as expected, the 
fabric restricted the relative movement of the pores, showing a lower porosity. The aspect 
ratio of the ellipse (major axis length/minor axis length) from table 5.15 was 2.23 and from 
table 6.6 was 3.66, confirming a more flatten shape of the yarns exhibited by fabrics. 
Considering the apparent suitability of the long run experiments, it was decided to leave the 
experiment run for an even longer period than for the yam - approximately 4 months - and 
figure 6.8 shows the height readings for two different experiments. Equilibrium was not 
reached yet, with an average resin rise of 2 mm/day at the end of the flow experiments in the 
fabric. The data for both experiments are reasonably close and the apparent fall in the rate of 
height rise for experiment 1 seems to be a consequence of the increase in viscosity of the 
epoxy since it was an old resin continuously exposed to the environment for a long period of 
time. For experiment 2, a much newer resin was used and the viscosity was monitored 
throughout the duration of the experiment and, in this case, the viscosity showed only a 
minor variation(± 5 7. ). 
Table 6.8 shows the results for the flow of epoxy resin through the fabric according to both 
fitting methods for experiment I and it can be seen that the values appear reasonably 
discrepant. However, table 6.9, referring to experiment 2, shows excellent agreement 
between the two fitting methods for all variables. Besides, the he value, and consequently Pc, 
agrees very well with the theoretical predictions showed in table 6.10, with a scatter of 
just 4 %. 
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Figure 6.8 Long run experimental data for both the yarn and the fabric and 
respective fitting curves from the integral method 
The long experimental time necessary for a proper estimation of P, and permeability drove 
the investigation into a new method of measuring these properties through RTM experiments, 
as will be shown in chapter 8. It also demonstrates the value of' odels and computer 
programs to predict these values. 
Table 6.8 Results Ior the first long-run experiment for the fabric 
he PC bh x 10-" W9 Permeability 
(m) (Pa) (m/s) (days) (m`) 
In 0.973 10804.4 5.12 7963.7 3.82 x 10-11 
ethod 
Differential 0.674 7478.7 8.74 3228.4 6.53 x 10"1; 
method 
Average 0.824 9141.6 6.93 5596.1 5.18 x 10-13 
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Table 6.9 Results for the second long-run experiment for the fabric 
k PC bh x 10"9 t99 Permeability 
(m) (Pa) (m/s) (days) (m2) 
Integral 
method 
1.262 14017.0 3.82 13860.1 2.85 x 10-13 
Differential 
method 
1.265 14048.8 3.81 13929.7 2.84 x 10"13 
Average 1.264 14032.9 3.82 13894.9 2.85 x 10'13 
The results obtained for the fabric can be further compared to the one obtained for the yam 
by using the Young-Laplace equation, as shown below in equation 6.1. The ratio between the 
experimentally determined values for the capillary pressure of the axial yam of the fabric 
(Pa, fabric = 14033. Pfand the capillary pressure of the yarn (Pa, yam = 9730 Pä is equal to 1.44, 
agreeing with the value predicted by the Young-Laplace equation. 
Faxial (1- CY, fabric) 
epoxyCOSO 
(1- Cy, fabric) (1-0.384) 
Pc, fabric 
_ 
Df Cy, fabric Cy, fabric 
_ 
0.384 
= 1.42 (6.1) 1 
c, yarn Faxial 
(1 - CY, Yam)6ePaxyCOSO 
(1 - cy, yam) (1-0.470) 
Df EY, yam £Y, yam 
0.470 
where Fx; aj is the form factor for the axial direction (F = 4), sy, fabric is the porosity of the axial 
yarn of the fabric and Cy, yu is the porosity of the yarn. 
These figures support the previous suggestion that the transverse yarns do not alter the 
capillary pressure of the axial yarn, instead they use part of the flow rate to saturate their own 
pores, causing the main axial flow to slow down and this phenomenon ultimately causes a 
decrease in the estimated permeability value. Chapter 7 will further discuss the influence of 
the transverse yarns present in the structure of the fabric in the estimations of permeability. 
Figure 6.8 also shows the height readings obtained for the long-term yarn experiment, 
previously shown in section 5.1.2, and, as happened for the silicone oil, the yam clearly 
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allows an initial faster flow. The single yarn (c = 0.47, P, = 9730.1 Pa and x=1.2 µm2) has a 
larger x than the axial yarn of the fabric (c = 0.38, Pc = 14032.9 Pa and x=0.29 µm2) due to 
its higher porosity. On the other hand, the single yam has a lower P, also due to its higher 
porosity. If one extends the fitting curves to reach the respective equilibrium positions 
(figure 6.9), it seems that to obtain a larger initial rate of height rise, a high x value is 
relatively more important than a high Pc. 
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Figure 6.9 Extended fitting curves from the integral method for the long- 
term experiments for the yarn and the fabric 
6.3 COMPARISON BETWEEN THE SILICONE OIL AND 
EPOXY RESIN FLOW EXPERIMENTS IN THE FABRIC 
Figure 6.10 illustrates the capillary impregnation of a basic repeating column of the fabric 
and it can be seen that the main flow occurs axially in the yam and from then infiltrates 
through the radius of the transverse yarns. Indeed, figure 6.10c (expanded side-view of the 
repeating column) is particularly interesting in order to suggest the similarities between this 
-Extended fitting: Yarn 
-Extended fitting: Fabric 
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example and the case for a single yam being infiltrated, since the transverse yarns are not in 
the path of the main flow front and are only accountable for using part of the volumetric flow 
rate of the axial flow to saturate their own pores. Although this phenomenon does not 
decrease the capillary pressure of the axial yarns, it slows down the main flow and can be 
thought of as being responsible for a virtual decrease in the axial permeability of the fabric. 
This kind of flow contrasts to the one found under usual RTM conditions (see figure 6.11 ). 
(d) (b) (c) 
Axial flow 
1111E 
Transverse "º Transverse 
flow .-º now 
Input now 
Figure 6.10 (a) Schematics of a plain-woven fabric; (h) The infiltration 
process and a repeating column in detail; (c) Expanded side-view of the 
column showing the axial yarn and 8 transverse yarns 
Iil; ure 6.11 ticiicma1iCS ul a plain-vVovcn fabric being 
infiltrated at usual RTM conditions 
Hence. the rise of the flow front within the cloth is affected by the rise of the flow front 
within the axial fibre yarn, which is driven by the capillary pressure and reduced by the flow 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin I ransfer Moulding 
Basic repeating column 
Chapter VI - Capillary Flow Through a Plain-Woven Glass-Fibre Fabric 
to the unsaturated transverse yams. Following the Young-Laplace equation for the flow in the 
axial fibre yam, the theoretical Pc will be estimated by using the porosity of the axial yarn 
and a form factor F=4, as shown in table 6.10. 
Table 6.10 Theoretical values according to the Young-Laplace equation 
For silicone oil For epoxy resin 
cy = 0.38 and F=4 cy = 0.38 and F=4 
P, (Pa) 1 12015 1.14605 
he (m) 1 1.432 1 1.315 
Figure 6.12 illustrates the comparison between the silicone oil and the epoxy resin long-term 
experiments for the fabric. The Pc values from both experiments agree very well with the 
theoretical predictions of table 6.10, and although epoxy has a higher P,, the final equilibrium 
height position is lower than that of the silicone oil due to the higher density of the resin. The 
silicone oil experiment (c; ze 0.38, P, = 11424 Pa and x=0.39 µm2 - from the integral fitting 
method) resulted in a higher permeability than the epoxy resin one (c = 0.38, P, = 14033 Pa 
and x=0.29 µm2), but in this case, another fact has to be considered, the large viscosity 
differences between the two fluids (p, ii; coe 0.10 - 0.12 Pa s and p po,, y- 1.74 - 2.16 Pa s) and, 
keeping constant all other factors, the lower the viscosity the faster the flow, according to 
Darcy's Law. 
There is some variation in the permeability value for the fabric between the silicone oil 
(x = 0.39 µm2) and the epoxy resin experiments (K = 0.29 µm2), although, if the porosity is 
strictly invariable, these values should coincide. Some reasons can be envisaged to justify 
this variation in the permeability value: (a) There were no means of confirming the porosity 
value of the axial yarn of the fabric when being impregnated by the silicone oil and even a 
variation in the porosity value of less than 7% would already cause such a difference in the 
permeability value; (b) Although the fitting methods applied to obtain the capillary pressure 
and the permeability values become much more accurate for long-term experiments, some 
variation in these values is still possible; and (c) The viscosity of the infiltrating fluids 
showed some variation throughout the experimental period of time, slightly affecting the 
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readings. Section 7.2.1 will illustrate the influence of the porosity of the axial yam. the 
viscosity of the infiltrating fluid and other important factors on the infiltration curve. 
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Figure 6.12 Fxtended fitting curves from the integral method for the 
impregnation of the fabric by the silicone oil and the epoxy resin. Silicone oil: 
P, =1 1424 Pa: Epoxy resin: P, = 14033 Pa 
Another possibility for the variation of the permeability value is associated with the 
restriction of flow due to the presence of a polymer layer. which is responsible for a partial 
blockage of the effective radius of the capillary pores available for the flow (Parnas and 
Cohen. 1991, Barreau el al., 1994). As mentioned by Parnas el u!. (1994), it 'a surface bound 
polymer layer reduces the effective radius of the tube from R to R- Li1, there will be an 
increased resistance to flow and, consequently. K will he reduced (see equation 6.2). 
R 
K-( R 
(6.2) 
-Extended fitting: Silicone oil 
-Extended fitting: Epoxy resin 
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where xa is the permeability of the medium with a surface bound polymer layer, x is the 
permeability of the same medium without a surface bound polymer layer and Lh is a measure 
of the polymer layer thickness, or the effective hydrodynamic thickness, EHT, and is defined 
according to equation 6.3: 
R =1-(Q 
1/4 
(63) 
where R is the radius of the pore or an appropriate average in the case of pore-size 
heterogeneity, Q and Qa are the flow rates due to a given pressure drop, measured before and 
after adsorption. Actually, because of the diffuseness and non-uniformity of an adsorbed 
polymer layer there is no unique value for Lh, although it provides a convenient way of 
reporting data for hydrodynamic effects of adsorbed polymers. 
These authors also mention that the equivalent pore size in a porous medium and its 
permeability may become a function of the applied pressure gradient due to a possible 
deformation of the surface bound polymer layer, stressing that small scale flows can have a 
marked impact on the measured permeability of porous media. It is also mentioned that if 
macromolecular sizing agents to promote adhesion or to modify interphase properties are 
present, the effects of the sizing on the permeability could be important. 
There are a number of references regarding EHT and correlated factors. Dejardin and 
Varoqui (1981) confirmed experimentally that the thickness of an adsorbed polymer layer 
should vary linearly with the polymer molecular weight, as predicted by porous-layer 
models; these models use flow equations that account for the increased resistance to flow due 
to the presence of polymer segments. However, other models (i. e. numerical Brownian 
dynamics simulations) state that the layer thickness of polymers at an adsorbing surface 
should be independent of the chain length, provided excluded volume effects (for very long 
chains in a good solvent) are absent; a good solvent is needed in order to allow a large state 
of expansion of the chains. 
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Gramain and Myard (1981) studied different parameters governing the thickness of the 
adsorbed layer, such as the influence of the nature of the porous media, the molecular weight 
and the nature of the flowing polymers and the influence of the flow velocity. 
Idol and Anderson (1986) studied the effects of the adsorbed polymers on momentum and 
mass transport within the pores. The hydraulic permeability is found to depend on three 
factors: the amount of polymer adsorbed per area of pore wall, the pore radius and the 
tendency of polymer chains to expand due to Coulombic repulsion of their charges. 
In the case of this study, if the theory of adsorbed polymer layer is to be applied, it seems that 
the epoxy would yield a thicker adsorbed polymer layer resulting in a decrease of the 
effective capillary diameter, reducing the fabric permeability. This would be consistent with 
the excellent adhesive properties of epoxy resins (Castle, 1999). 
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Chapter VII - Computer Simulations of the Capillary Flow Through a Glass-Fibre Woven Fabric 
This chapter will describe the predicted results for the capillary flow through a glass-fibre 
woven fabric obtained with the Fortran program described in section 4.2.1 Three different 
models were investigated regarding the flow split at the junctions of the fibre yam network: 
(a) Model 1: aa, the coefficient used to split the main flow into axial and transverse flows at 
each unsaturated junction, was constant for all unsaturated junctions throughout the 
infiltration period; (b) Model 2: as is the same for all unsaturated junctions at a given time 
but varies throughout the infiltration period; and (c) Model 3: there is a particular as for each 
unsaturated junction at each time step. 
7.1 SILICONE OIL 
Figure 7.1 shows flow height versus time curves predicted by model 1, when ae was pre-set 
at 0.01,0.10,0.20,0.30,0.40,0.50,0.60,0.70,0.80,0.90,0.99,0.995 and 0.999, along with 
data for five sets of experiments for the cloth. Besides, it is shown what the flow curve would 
be if the flow was modelled as one-dimensional vertical flow through a single yarn with the 
same porosity as that of the cloth (upper curve in figure 7.1). The curves for ae in the range 
of 0.01 - 0.90 are practically coincident. This can be explained by the fact that the faster the 
axial flow (for a higher ae), the more junctions will be reached, and hence, the axial flow 
becomes further reduced, specially as at is low and there are many unsaturated junctions. In 
the runs for a lower as the flow will not only reach junctions at a lower rate but also, due to 
its higher at, saturate those junctions faster. 
Curves for as in the range of 0.99 - 0.9999 shift away from the others since the vast majority 
of the flow is being used in the axial direction, tending to neglect the presence of transverse 
flow, which is especially right for ae = 0.999. Hence, the axial flow is faster and by the end 
of 20,500 seconds all junctions reached by the flow are still unsaturated. 
Models 2 and 3 are shown in figure 7.2. Model 2 (the same ae for all junctions for a specific 
time) slightly overestimates the experimental data whilst model 3 shows good agreement with 
the experiment for most of the time. When the time reaches around 20500 seconds, model 2 
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has reached 55 junctions, with 4-5 of them still unsaturated at the flow front and cx within the 
range of 0.82 - 0.83. 
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Figure 7.1 Five short-term silicone oil experiments through a plain-woven 
cloth and predictions of model I for different a., values (0.01 to 0.999). for 
ease of notation the coefficient as is called coelä in this and other charts of' 
this chapter 
The determination of a single a,, for all unsaturated junctions (see equations 4.3 - 4.6) in 
model 2 requires the use of an average value for the differcnce between the height of the 
axial flow front and the height of a particular unsaturated junction (fill, - H, ). The same is 
required for the position of the transverse flow front at each unsaturated junction (xf1). The 
averaged values will be responsible for keeping a, varying in it particularly narrow range 
(0.82 - 0.83) and the number of unsaturated junctions, consequently, fluctuates between 4-5. 
As could be expected, the use of a different ex for each junction generates results closer to 
the experimental ones for the curve of model 3. a,, values in model 3 were in the range of 
0.67 - 0.81 depending on the position of the junction and by the end of the experiment, there 
were between 3-4 unsaturated junctions which agrees with the photograph of' the flow in 
I igure 4.4a. 
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Figure 7.2 Five short term silicone oil experiments through a plain-woven 
cloth and predictions of models 2 and 3 
In order to verify the findings, a long-run experiment was also analysed according to the 
three described models. In the first model. a was pre-set to 0.0 1.0.10.0.20.0.30.0.40.0.50. 
0.60.0.70,0.80,0.90,0.99 and 0.99999 für each run and the resulting curves can he seen in 
figure 7.3. Here again, the curves for a in the range of 0.01 - 0.90 are practically coincident 
and, for very high a;, values, the curve shifts upwards. 
The histogram in figure 7.4 shows the number of unsaturated junctions predicted by model I 
for different values of a,, and for an infiltration time of 20.500 seconds. As expected, the 
higher the a,,, the more unsaturated junctions are present. Runs for a low a "use" most of the 
total flow to close the unsaturated junctions, and at the moment of' closing an unsaturated 
junction, the axial flow receives a boost because there will he one less unsaturated . 
junction. 
On the long term, both factors tend to counter-balance, being responsible for generally 
coincident flow behaviour for runs with a dissimilar (xi,. For aA = 0.99999 the number of 
unsaturated junctions is equal to the number of open junctions, which means that no junction 
was closed due to saturation in the transverse direction. 
2 
3 
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If the findings from the photographs (figure 4.4a) were to be compared to this histogram. 
an a,, of around 0.70 could be considered the best one in making the model agree with the 
experimental observations (three unsaturated junctions at the flow front). 
The results of model 2 (figure 7.5) show a maximum height error of = 10 % in comparison 
with the experimental data over the period covered by experimental data (approximately 
19 days), 4-5 unsaturated junctions at the flow front and an a,, in the range of 0.82 - 0.83. 
The curve predicted by model 3 is presented in figure 7.6, where 342 junctions were reached. 
The agreement with the experiment was excellent and the error was in the range of less than 
1% in comparison with the experimental data. Therefore, the use of an individual a for each 
junction, which considers the flow distance from that specific junction instead of an average 
value for all unsaturated junctions, generates results closer to the experimental data. as values 
were in the range of 0.67 - 0.81 depending on the position of the junction and by the end of 
the experiment, there were 3-4 unsaturated junctions. This is in accordance to what was 
expected from the analysis of the photographs of the actual flow (figure 4.4a) which was used 
to predict that at least 3 junctions were partially filled at the flow front. 
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Figure 7.3 Long term silicone oil experiment through a plain-woven cloth 
and predictions of model I fir different a,, values (0.01 to 0.99999) 
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Figure 7.4 Histogram showing the predicted number of unsaturated 
junctions for different Ua values in model I 
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Figure 7.5 Long term silicone oil experiment through a plain-woven cloth 
and predictions of model 2 
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The time interval necessary to saturate a junction throughout the duration of the modelling 
varied from 168 seconds for the first saturated junction - closest to the container - to 38180 
seconds for the 338`h junction (last saturated junction). 
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Figure 7.6 Long term silicone oil experiment through a plain-woven cloth 
and predictions of model 3 
7.2 EPOXY RESIN 
Figure 7.7 shows curves predicted by model I when a was pre-set at 0.01,0.10.0.20,0.30, 
0.40.0.50,0.60,0.70,0.80,0.90,0.99.0.995 and 0.999 along with the experimental data for 
the long-run experiment and the how curve when the flow is modelled as vertical capillary 
flow through a single yarn (using the program mentioned in section 4.3.1) with the same 
porosity as that of the axial fibre yarn of the täbric (upper curve in figure 7.7). Again, the 
curves for as in the range of 0.01 - 0.90 are practically coincident and curves tier a,, in the 
range of 0.99 - 0.9999 shift from the others, tending to neglect the presence of transverse 
flow, which is especially right for a = 0.999. 
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Figure 7.7 Long-term epoxy resin experiment through a plain-woven fabric 
and predictions of model I for different a values (0.01 to 0.999). 
The histogram in figure 7.8 shows the number of unsaturated junctions at a total infiltration 
time of about 107 s. The higher the Ua. the more unsaturated junctions are present. For 
as = 0.999 the number of unsaturated junctions (270) is equal to the number of open 
junctions by the end of the 10,119,600 seconds, which means that no. junction was closed due 
to saturation in the transverse direction. 
Comparison of the histogram with the photograph of the infiltration process (figure 4.4), 
indicates that aa of around 0.70 would be considered the best one in making the model agree 
with the experimental observations (three unsaturated junctions at the flow front). 
Model 2 predicts that for a permeability value of 4.9 x 10"1; in2 the best match is achieved 
(see figure 7.9). When the time reaches around 1.01 x 107 seconds, model 2 has reached 
189 junctions, with 4-5 of them still unsaturated at the flow front and a a,, within the range 
of 0.82 - 0.83. 
The curve predicted by model 3 which best matches previous predictions occurs for a 
permeability value of 6.1 xi' m', presented in figure 7.10. In all, 168 junctions were 
reached by the end of the run, there were between 3-4 unsaturated junctions at the flow front 
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and as values were in the range of 0.66 - 0.81 depending on the position of the junction. 
Again, model 3 seems to generate better results considering the number of unsaturated 
junctions found from the analysis of the photographs of the actual flow (figure 4.4a). The 
results of model 3 (the most realistic model studied) were used to estimate the Kozeny 
constant for the axial yarn (K(, = 1.69 for c=0.384). 
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Figure 7.8 Histogram showing the number of unsaturated junctions for 
different cza values 
Furthermore. as values for both. models 2 and 3. are in agreement with the histogram 
previously shown (figure 7.8). Model 2 with a a;, in the range of' 0.82 - 0.93 yielded a 
maximum of 5 unsaturated junctions and model 3, with a a in the range of' 0.66 - 0.81. 
depending on the position ofthe junction. yielded a maximum of 4 unsaturated junctions. 
In order to illustrate how as varies with time according to model 3. data from the computer 
program for three consecutive junctions at three different time steps are shown in table 7.1. 
The number associated with the junction represents the time step at which the junction was 
reached by the axial flow front. The lower the number of the junction, the closer it is to the 
liquid surface of the container and therefore. the earlier it was reached. 
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Figure 7.9 Long-term epoxy resin experiment through a plain-woven fabric 
and predictions of model 2 
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Table 7.1 as values for three different junctions at three different time steps 
Junction Time step 5543 Time step 5544 Time step 5757 
5003 as = 0.77381 ae = 0.77409 ae = 0.80072 
5248 as = 0.67635 a8 = 0.67661 as = 0.76232 
5500 ae = 0.66420 ae = 0.66426 ae = 0.66520 
Analysis of the mentioned table shows that for a particular time, the further a junction is from 
the flow front, the higher as is, e. g. for the time step number 5543, ae (5003) = 0.77 and 
as (5248) = 0.68. Alternatively, the further the junction is from the liquid surface, the lower 
the aa. Another feature is that as increases with time for a junction, e. g. ae (5003) increases 
from 0.77 to 0.80. These characteristics can not be so promptly derived from 
equations 4.3 - 4.6 since both Q,,, ia,; (axial flow rate at a junction i) and Qmi (transverse flow 
rate at a junction i) depend on the height of the junction and also Qm; tj depends on the length 
of the flow in the transverse yam. 
Table 7.2 shows how the axial, transverse and total flow rates vary with time for three 
consecutive junctions. The three main characteristics of this table are: 
" The total flow rate available to be split between the unsaturated junctions decreases with 
time (shaded area in the table), according to Darcy's law; 
" The higher the junction, the smaller the axial flow rate of that junction (blue colour); 
"A junction increases its axial flow rate with time. 
Alternatively, the data from table 7.2 can be written in terms of the percentile importance in 
relation to the total flow rate at a given time step (see table 7.3) and one can see that the axial 
flow rate shows a clear trend with the height of the junction - the higher the junction the less 
amount of axial flow rate available to that junction. Although the variation of the transverse 
flow rate does not show a clear trend with the height of the junction, it can be seen that less 
flow rate is available for the transverse yarns as the experiment progresses. 
Table 7.4 presents the same three junctions and their respective ae values at the time at which 
they were opened and closed. As above, a junction shows an increase in its a, with time. 
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Another expected result from this table is that the further the junction is from the surface of 
the liquid of the container, the longer it takes to be fully saturated (time interval data). The 
values for time interval throughout the duration of the modelling vary from 4050 seconds for 
the first saturated junction - closest to the container - to 1186 days for the 814`h junction (last 
saturated junction before the end of the run). 
Table 7.2 Axial, transverse and total flow rates for three consecutive junctions at two 
consecutive times 
J ti 
Time step 5543 Time step 5544 
unc on Qmia, i Qmit, i Qmia, i + Qmit i Qmia, i Qmitj Qmia, i + Qmit. i 
5003 1.6063x10-14 4.6954x10-15 2.0759x10.14 1.6068x10-14 4.6893x10"13 2.0757x10-14 
5248 1 . 0864x 10-14 5.1988x 10"15 1 . 6063x 10-'4 1.0872x 10"14 5.1960x 10"15 1.6068x1 0''4 
5500 7.2161x10"15 3.6483x10-15 1.0864x10"14 7.2215x10"15 3.6500x1 0"'S 1.0872x10-14 
Total 1.3543x10-14 2.0759x10.14 1.3535x10-14 2.0757x10-141 
Table 7.3 Axial, transverse and total flow rates for three consecutive junctions at two 
consecutive times as a percentage of the total flow as seen in table 7.4 
i J 
Time step 5543 Time step 5544 
unct on Qmiaj Qmit, i Qmia, i + Qmit, i Qmia, i Qmit, i Qmiaj + Qmit, i 
5003 77.38 % . 22.62 W., 100% 77.41 % 22.59% 100% 
5248 52.34% 25.04 % 77.38 % 52.38 % '25.03 % 77.41 % 
5500 `, '34.76 % 17.57 W, , 52.34% 34.79%' 
A7.58% 52.38% 
Total 65.24 % 100 %a 65.21 % ä 100 %a 
Total flow rate, as defined by mass balance: the sum of all Q.;,,, and the higher Qm;; 
The predicted curve of capillary flow of the epoxy resin through the woven cloth up to 
equilibrium is shown in figure 7.11 and, by the end of the computational run, 817 junctions 
had been reached by the fluid. In this graph, the final equilibrium position can be evaluated as 
k=1.264 m- corresponding to P. = 14032.9 Pa, along with the experimental data, and one 
can have an idea of the time required to complete such an experiment. 
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Table 7.4 as range for three consecutive junctions and the time when the junctions were 
opened and closed 
J i 
Opening Closing 
unct on 
ae time (s) as time (s) 
Time interval 
5003 0.757486 450181 0.805615 522001 71820 
5248 0.757484 472231 0.805526 545761 73530 
5500 0.757482 494911 0.805591 570241 75330 
Table 7.5 illustrates the time necessary for equilibrium to be reached, when the final position 
(Ha) is an arbitrary percentage of the expected equilibrium height (he). This table illustrates a 
well-known feature of capillary experiments, the required long duration of experiments 
(Amico and Lekakou, 1998; Batch et al., 1996). In this case, for 50% of the equilibrium 
height to be reached, the experiment would take approximately 752 days. This number would 
increase to approximately 38 years (! ) for Hr = 0.99he and this period of time is 
inconceivable for an experiment, justifying the use of computational models to obtain 
predictions. 
Table 7.5 Estimated equilibrium time according to different percentages of the equilibrium 
position 
Hff = 0.50he Hff = 0.70he Hff = 0.80he Hff = 0.90he HI = 0.99he 
Time (s) 6.5 x 107 1.7 x 108 2.7 x 108 4.7 x 108 > 1.2 x 109 
Time (days) z 752 z 1968 ft 3148 ft 5486 > 13,888 
The importance of the influence of Pc on the flow behaviour of the infiltrating fluid in a 
process such as RTM will be variable according to operational conditions, such as injection 
pressure and porosity. Clearly, for a highly packed fibrous reinforcement being impregnated 
at a relatively low pressure, the role of Pc will be increasingly important since most of the 
flow will occur within the fibre yams, which impose a much greater resistance to the flow 
than empty channels (macro-flow). 
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Figure 7.11 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3 extended until equilibrium 
7.2.1 INFLUENCE OF INPUT VALUES IN THE FORTRAN 
PROGRAM: PARAMETRIC STUDIES 
In this section a discussion is included on the influence of' the input values of' the Fortran 
program on the final height versus time curves covering the whole duration of' the epoxy 
long-term experiment. Original values are shown in figures 7.14 to 7.19 as red curves, blue 
curves have used original values decreased by a factor of 10% and green curves have used 
original values increased by a factor of 10%, unless otherwise stated. This section will be 
divided into parametric studies based on the epoxy resin properties, the plain-woven fabric 
properties and parameters which depend on both, the resin and the fabric, such as capillary 
pressure. Figures 7.12 to 7.23 show the same experimental points of the long-run epoxy 
experiment, as previously presented in section 6.2. 
The legend on the figures will follow the nomenclature adopted in the program 
(appendix IV), namely, rho (density of the epoxy resin), rh (equivalent cylindrical radius of 
the yarn), xamax (length between adjacent transverse junctions), xtmax (transverse length of 
Model 3 
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each junction), ytmax (through the thickness distance between the axial and the transverse 
yarns), w (side of a equivalent square area through which the transverse flow occurs), pomlia 
(porosity of both axial and transverse yarns), pcapmia (axial capillary pressure of the axial 
yarn of the fabric), kmia (axial permeability of the yarn of the fabric) and kmit (transverse 
permeability of the yarn of the fabric). 
7.2.1.1 EPOXY RESIN PROPERTIES 
" Viscosity of the epoxy resin (figure 7.12): As it is expected due to Darcy's law, the 
higher the viscosity, the slower the flow. Moreover, if a considerable change in viscosity 
of the infiltrating fluid is likely to happen during experiments, monitoring of viscosity has 
to be carried out to provide appropriate data for the computer program for a proper 
modelling of the process. 
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Figure 7.12 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units ot'viscosity - mu: Pa. s) 
mu 1.87 
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" Density of the epoxy resin (figure 7.13): Variation of the density did not show a great 
influence on the final results for the period of time. Nevertheless, an increase in the 
product pgh (see equation 3.8) will be responsible for slowing down the main flow, 
becoming increasingly important as the height of the column of resin above the surface of 
the beaker increases. 
7.2.1.2 FABRIC PROPERTIES 
" Radius of the axial yarn (figure 7.14): An increase in the radius of the yam shifts the 
curve upward. This happens because the velocity of the axial flow, according to Darcy's 
law does not depend on rb and therefore, for a given period of time, the larger the rb, the 
larger the available amount of flow rate. On the other hand, the larger the rb, the more the 
amount of flow rate necessary to fill enlarged pores. Both factors cancel each other until 
there is a junction. At that time, the larger flow rate will fill faster the space between the 
axial and transverse yams, accelerating the infiltration of the transverse yarn and, when 
the saturation occurs, a larger axial flow rate will be available. This figure is just 
illustrative since a change in rb would be responsible for a change in w and this new 
value also had to be used as input parameter in the simulation. 
" Distance between adjacent transverse junctions (figure 7.15): The longer this distance, 
the fewer the number of junctions for a given length of fabric and, consequently, the 
faster the axial flow, since each junction 'uses' part of the main flow rate to saturate its 
pores. In these simulations, xtmax has been varied accordingly in order to keep the same 
square arrangement of axial and transverse yams displayed by the plain-woven fabric 
used in this study. 
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Figure 7.13 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units of density - rho: kg, /m') 
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Figure 7.14 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units of'yarn radius - rb: m) 
rh 0.0002754 
rb 0.0003060 
rb 0.0003366 
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Figure 7.15 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units of xamax: m) 
" Through-thickness distance between the axial and the transverse yarns (figure 7.16): 
Ytmax and w are related to a volumetric space between axial and transverse yarns, 
represented as the product between its thickness (ytmax) and its square cross-sectional 
area (w). As this flow path displays a much higher resistance to flow (due to the low 
transverse permeability value), an increase in this distance will mean that the axial flow 
will have a reduced flow rate for a longer period of time. Also, the larger the ytmax, the 
larger the amount of liquid necessary to fill the volumetric gap between the axial and the 
transverse yarns. 
"w (figure 7.17): Similarly to ytmax, the larger the w value, the more amount of liquid is 
needed to till the gap between axial and transverse yarns and therefiore, the slower the 
main flow. 
xmixx 0.00 1 fix i 
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Figure 7.16 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units of ytmax: m) 
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Figure 7.17 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. (units of w: m) 
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Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin I'ranslcr Moulding 206 
Chapter VII - Computer Simulations of the Capillary Flow Through a Glass-Fibre Woven Fabric 
7.2.1.3 COMBINED PROPERTIES OF THE WOVEN FABRIC 
" Porosity of the axial yarn in the cloth (figure 7.18): An increase in the porosity value 
(for the same rb, pcapmia and kmia values) will shift the flow curve downward. This 
happens because an increased amount of flow rate is necessary in order to fill larger 
pores. An increase in the porosity value for a constant rb is equivalent to a decrease in the 
number of fibre filaments in a fibre yam or, for the same number of' fibre filaments, a 
decrease in their radius. 
" Capillary pressure (figure 7.19): As it was shown before (section 5.2). an increase of P 
will shift the flow curve upwards. since the equilibrium height is increased. 
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Figure 7.18 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3 
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Figure 7.19 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3 (units of capillary pressure - pcapmia: Pa) 
" Permeability (figure 7.20): Also as shown bet'ore (section 5.2), an increase in 
permeability shifts the curve upwards as there is an increase of the rate ot'height rise. 
" Transverse permeability (figure 7.21): As no experimental data was collected für kmit. 
the transverse permeability was considered to be a pre-determined fraction of the axial 
permeability. The reviewed literature suggests a ratio of longitudinal to transverse 
permeability to be approximately 8: 1 (Batch el al., 1996) or 19: 1 (Lam and Kardos. 
1991). Simulation runs were carried out for kmit in the range of kmia/8 to kmia/33 and 
the resulting curves shown in figure 7.21 for dificrent knit values display a minimum 
variation, not discernible in this figure, for this kmit range. The number of unsaturated 
junctions, however, changes according to kmit (see table 7.6). 
Although the results from table 7.6 do not allow much accuracy on the estimation of 
K (transverse), one can expect the ratio of longitudinal to transverse permeability to be 
between 8: 1 and 33: 1, bearing in mind that at least 3 junctions were unsaturated 
according to the photographs of the actual flow. 
pcapmia 1545 3 
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Figure 7.20 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3 (units: I O-1 ' 111 1) 
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Figure 7.21 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of model 3. 
kmit kmia 8 
kmit kmia/18 
kmit kniia/33 
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Table 7.6 Influence of the transverse permeability - kmit - value on the number of 
unsaturated junctions and estimated Kozeny constant 
kmit range kmit ranged (m2) 
Number of 
,h K (transverse). K,, unctions , 
kmit <_ kmia/34 kmit S 9.5 x 10-1' >_ 4 > 57.5 
kmia/l 8 kmit kmia/33 
kmit <_ 3.4x 10-1 
-14 
3-4 30.4 >_ K,, , >_ 55.8 kmit >_ 1.9 x 1() . 
6x 10-14 kmit 57 kmia/8 kmit > kmia/l 7 . -14 2-3 13.5 >_ K,, , >_ 28.7 kmit 3.6 x 10 . 
kmit > kmia/7 kmit ? 8.7 x 10-14 <2 < 11.8 
'' Calculated using kmia = 6.1 x 10-" m- 
" Calculated using K,, (axial) = 1.69 
" Combined variation of pormia, pcapmia and kmia (figure 7.22): Perhaps a more 
realistic approach to varying pormia should require also new pcapmia and kmia values 
since these values are linked. Therefore. if there is a reduction in the porosity of'the yarn 
(pormia), there is a corresponding increase in the capillary pressure (pcapmia) and a 
decrease in the permeability (kmia) of the yarn, according to the Young-Laplace and the 
Carman-Kozeny equation, respectively. Similarly, a larger pormia will result in a reduced 
pcapmia and an increased kmia. So, the upper curve (pormia = 0.4224) in figure 7.22 was 
generated from Pc = 12449.9 Pa and kmia = 9.21 x 10-1; m2 values and the lower curve 
(pormia = 0.3456), from Pc = 17239.8 Pa and kmia = 3.93 x l0"1' m2 values. 
Figure 7.22 suggests that permeability is a relatively more important factor than capillary 
pressure for the initial portion of the curve. Figure 7.23 shows the same three flow curves 
of figure 7.22 for a longer simulation time and as it can be seen, the curves eventually 
rearrange themselves according to their respective capillary pressure value. In other 
words, the higher the porosity of the yarn, the lower the capillary pressure and. 
consecutively, the lower is the flow curve. 
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Figure 7.22 Long-term epoxy resin experiment through a plain-woven 
fabric and predictions of'model 3. 
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Figure 7.23 Long-term epoxy resin experiment through it plain-woven 
tähric and predictions of model 3. 
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To summarise, a Darcy's network micro-flow model was applied to describe the capillary 
impregnation of the woven cloth. "Three models were tested regarding flow split at the 
network junctions. Model 3 showed the best agreement with the experimental results of flow 
curves, since it allows a more appropriate distribution of the flow, with an axial flow factor. 
coefa (ad), in the range of 0.66 - 0.81, which is in accordance with experimental data and 
photographs describing the number of unfilled transverse yarns at junctions by the flow front. 
Furthermore, the final flow height versus time curve proved to be reasonably influenced by 
most of the parameters used in the simulation and therefore, input values need to be as 
accurate as possible in order to obtain a proper output curve from the program. I fence, it is 
important to experimentally measure parameters such as the viscosity, density and surface 
tension of the infiltrating fluid, the diameter of the yarn and of the fibre filaments and the 
porosity of the yarn. It is also essential to know the fabric architecture and to properly 
describe it. The infiltration behaviour for different weave patterns can also be simulated by 
manipulation of parameters such as xamax, xtmax, ytmax and w. 
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Chapter VIII - Macro and Micro-Infiltration of Assemblies of Unidirectional Fibre Tows and Plain-Woven Fabrics in RTM 
8.1 INTRODUCTION 
This chapter consists of three parts related to infiltration experiments in an RTM mould. The 
first part is another case of basic infiltration studies in an RTM set-up. The reinforcement 
consists of glass-fibre unidirectional yarns with clearly visible flow channels between the 
yarns. A model fluid infiltrates the reinforcement along the fibre direction. Both macro and 
micro-infiltration are present. The employed injection pressure is sufficiently low so that the 
capillary pressure effects cannot be neglected. Experimental data include the progress of the 
flow front in the macro-flow channels and inside the fibre yams as well as data characterising 
the geometrical structure of the fibre assembly. 
The second part includes computer simulations of the macro and micro-infiltration of the 
assembly of unidirectional fibre yarns. The purpose of this section is (a) to validate the 
mathematical flow model and the Fortran computer program described in section 4.3; (b) to 
carry out parametric studies regarding the injection pressure and the geometrical features of 
the fibre yarn assembly. 
The third part includes experimental results obtained from rectilinear infiltration experiments 
using assemblies of a plain-woven fabric in an RTM set-up at different injection pressures. 
The permeability and capillary pressure of the woven fibre preform are determined according 
to the methodology described in section 3.2.4. 
8.2 EXPERIMENTAL RESULTS FOR THE INFILTRATION 
OF THE UNIDIRECTIONAL STITCHED FIBRE YARN 
MAT 
The results to be shown in this section are related to the experimental apparatus described in 
section 3.2.3, which was used in the impregnation of two layers of an unidirectional stitched 
fibre yam mat by epoxy resin with a blue dye. The epoxy resin contained no curing agent so 
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that it behaves as a Newtonian fluid of constant viscosity during the duration of (lie 
experiments. In these experiments, the position of the macro-flow front in the macro- 
channels and the micro-flow front within the fibre yarns were recorded with time (see 
figure 8.1) for later comparison with the model predictions (section 8.3). 
Figure 8.1 Sequence of photographs taken throughout the duration of one of' the 
experiments of the infiltration of the unidirectional stitched fibre yarn mat (scale of 
photographs is shown by ruler divisions 
in mini) 
Figure 8.2 shows the photograph of the complete mould and as it can he seen, the flow front 
is not completely flat. Therefore, the results for the position of the flow front as it function of' 
time for two experiments carried out with a pre-set injection pressure of about 40000 Ila will 
he shown following two different approaches: figures 8.3 and 8.5 refer to the position of the 
most developed macro-flow - xma -(in the gaps between yarns) and the associated micro- 
flow - xmia - (flow within the yarn) for the adjacent yarn. 
On the other hand. figure 9.6, to he 
later used for comparison with the modelling, shows the average position of the flow front 
and therefore no micro-flow data will be shown. 
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Figure 8.3 presents the progress of the macro-flow at the most advanced position and its 
associated micro-flow with time for two different experiments. 'T'here is some scatter in the 
experimental points specially for the final readings and these variations can he regarded as 
small differences in the fabric architecture due to handling since this is a relatively loose fibre 
mat or due to the individual pressure profile of each experiment. This latter possibility will he 
discussed later (section 8.3). 
It is apparent from figure 8.3 that the macro-flow is always ahead of the micro-I1oN%. Besides. 
throughout the duration of the experiment the difference between the two tlo%ti fronts 
decreases as can be seen in figure 8.4, which shows in more detail some photographs taken 
during the experiment. 
Figure 8.5, where xma - xmia is plotted against time for both experiments, better illustrates 
the decay in this term. It is shown that a consistent decrease in the term xma - xmia occurs, in 
other words, the micro-flow tends to reach the macro-flow, and at the time the experiment 
was terminated (374 seconds), this difference was as small as 3 mm. Longer periods of 
infiltration time were not possible due to the limited length of the mat (0.33 m). The 
abnormalities found for the initial points of this figure are caused by an irregular flow front at 
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the beginning since the inlet gate is located at the centre of the mould side (initial radial flow) 
and, therefore, some time is required until the flow front develops into a more even shape. 
Figure 8.6 shows the average position of the macro-flow front for experiments 71 and 72 
along with its most and least advanced positions in each photograph for experiment 72. There 
is a variation of not more that 1.8 cm between the experiments and the dificrence between the 
maximum and minimum xma distances for experiment 72 can be up to 2.5 cm. a comparable 
variation was found for experiment 71. The data of the average xma distance für both 
experiments in figure 8.6 will be later used for comparison with the model predictions 
(section 8.3). 
Another infiltration experiment was carried out with a curing mixture oi' epoxy and hardener 
in order to manufacture a laminate from which some important input parameters were 
measured to be used in the simulation studies. Figure 8.7 exhibits a montage of micrographs 
of the cross section of the composite from which the thickness of a lamina (2h). the porosity 
of the yarn (sm; ), the major axis length of a yarn of elliptical shape (2rh) and the width of the 
macro-channel (2a) were estimated (see table 8.1). 
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Figure 8.3 Advancement of the macro and micro-flow fronts with time for 
experiments 71 and 72, regarding the infiltration of'the unidirectional stitched 
fibre yarn mat 
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Figure 8.4 (a) Sequence oC photographs taken throughout the duration of'one of' the 
experiments of the infiltration of the unidirectional fibre yarn mat. (h) Same 
photographs with highlighted contour of the macro and micro flow front. 
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Figure 8.5 Plot of the variation of the tern (xma - xmia) with time fi)r 
experiments 71 and 72 regarding the infiltration of the unidirectional stitched 
fibre yarn mat 
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It can be seen in figure 8.7 that the integrity of the macro-channels was maintained and. 
although some yarn misalignment due to the clamping of the mould was present. this is not 
supposed to affect the results since the model evaluates an individual layer. Figure 4.9h, 
previously shown, represents the ideal schematics of figure 8.7. where the shape of the yarns 
can be approximated to an ellipse, with an associated height being equal to the thickness of 
the lamina (half the thickness of the laminate) and an width equal to 2rr,. 
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Figure 8.6 Plot of the variation of the average position of' the macro-flow 
liont (xma) with time fir experiment 72 
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Figure 8.7 Micrograph of the cross section of the 2-fibre ply composite (unidirec(ional 
fibre mat and epoxy resin) where the boundaries of the yarns have been highlighted. Size bar 
represents 200 prn 
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Although the yams have somehow dissimilar shapes, it can be seen in table 8.1 that the area 
of the yarns showed a standard deviation of less than 9.5%. Also, 'b' and 'a' values showed 
a standard deviation of less than 7.5%, justifying the use of a single value for these 
parameters. 
Table 8.1 Parameters from image analysis to be used in the computer simulation obtained 
from the microscopic analysis of the cross section of the composite (figure 8.7) 
Parameter Measured value Standard deviation 
Area of the yarn 1.4. .X 
10-6 m2 1.3 x 10'7 m2 
Major yarn axis (rb) 1.4 x 10"3 m 1.3 x 10-4 m 
Thickness of the lamina (2b) 6.8 'x 10"4m 5.0 x 10'5 m 
Width of the macro-channel (2a) 3.2: x 10"3 m 1.8 x 104 m 
The porosity of the yarns was found following the image analysis methodology described in 
section 5.1.2.1. The fibre volume fraction of a yarn (1 - pormia or 1- Emi) can be estimated 
according to equation 8.1: 
_ 
Volume occupied by the fibres in a single yarn 
_ 
NnRp2Ly 
Vf 
Total volume occupied by a single yarn AyLy 
ýgýlý 
where N is the number of single fibre filaments of radius Rf in a yarn, Ay is the cross-section 
area of the yam (as shown in table 8.1) and Ly is a given length of yarn. 
However, since the number of fibre filaments in a single yarn was not provided by the 
manufacturer, an alternative way was used to estimate the volume fraction of the yarn. 
Considering that the weight (wy) of a given length (Ly) of a single yarn can be expressed 
according to equation 8.2, equations 8.1 and 8.2 can be combined to produce equation 8.3: 
Wy = PgiassNnRf2Ly (8.2) 
Permeability and Capillary Pressure in the Infiltration of Fibrous Porous Media in Resin Transfer Moulding 220 
Chapter VIII - Macro and Micro-Infiltration of Assemblies of Unidirectional Fibre Tows and Plain-Woven Fabrics in RTM 
WY 
Vf 
PgiassAyLy 
(8.3) 
where p. 1., is the density of E-glass (2560 kg/rn3). 
Thus, after a given length of a yarn has been weighted, the porosity value of the yarn, to be 
used in section 8.3, could be estimated (see table 8.2). 
8.3 MODELLING RESULTS FOR THE INFILTRATION OF 
THE UNIDIRECTIONAL STITCHED FIBRE MAT 
The mathematical model and Fortran program described in section 4.3 were used to model 
the behaviour of the flow when infiltrating the unidirectional stitched fibre mat described in 
section 8.2. The parameters used as input values by the program were the axial micro 
capillary pressure (Pc, mia), the transverse micro capillary pressure (Pc, mit), the axial macro 
capillary pressure (P,, ma), the injection pressure (P;,, j), micro-porosity (sm; ), axial permeability 
(Km1a), transverse permeability (icmit), the viscosity of the resin (µ), the thickness of the lamina 
(2b), width of the macro-channel (2a), area of the yarn, the major axis of the yarn (2rb), the 
equivalent radius of the yarn (Re, ) and the parameter a. These values have been either 
measured (P;,, j, s,,, i, µ, 2b, 2a, 2rb) or calculated via equations such as the Young-Laplace 
equation for the capillary pressure. 
The porosity of the yam, smi, was determined according to the procedure described in 
section 8.2. The capillary pressure of the yam (Pc. mia) was estimated according to 
equation 2.28. Another value of interest to be found was the macro capillary pressure (Pc, m, ), 
according to equation 8.4. 
2 (1Cma) 
Pýýma =- aepoxy cos 0 Rb Cma (8.4) 
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where 
£-£mi 
Cma - 1 _6 mi 
and 
(8.5) 
c=1-Nfa 
Pa (8.6) 
HPgiass 
with Nfa as the number of layers in a composite of thickness 11 and pe as the areal weight of 
the fabric. 
The different porosities, namely, em;, sma and c, for a particular fibre arrangement are depicted 
in figure 8.8. Thus, 
0 sm; is the porosity within a fibre yarn, or in other words, the ratio between the area within 
a yam not occupied by fibre filaments over the total area of the yarn; 
9 ER, a is the ratio between the empty spaces in a given area and the total area, considering 
the yams in that area as being of a solid, non-porous material; 
"c is the ratio between the empty space in a given area, both in the channels and within the 
fibre yam, and the total area. 
Once the emi value is known, one can use figure 5.29 to estimate the permeability of the 
yarn (xmia). For Vf= 0.671, (1-Vf)3N2f= 2.79 and, as this value is not covered by previous 
experiments, a proportional, intermediate value was found using the two nearest experimental 
points. Also, equation 4.37 suggested by Huang et al. (1997) can be used to estimate a, the 
empirically determined dimensionless quantity which characterises the structure of the 
permeable material within the boundary region (defined in section 4.3). Table 8.2 
summarises the findings from equations 8.1 to 8.6 along with xm; a and a. These values were 
used as input values in the Fortran program for the computer simulation of infiltration. 
Figure 8.9 displays the results obtained from the model along with the experimental results. 
The model seems to overestimate the position of the macro flow-front by a few centimetres, 
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although towards the end of the experimental time this difference seems to disappear for 
experiment 72 and is kept within the 10% experimental deviation range for experiment 71. 
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Figure 8.8 Illustration of porosity, macro-porosity and micro- 
porosity. Grey regions represent the area in which flow can occur in 
each case 
Table 8.2 Further parameters to be used in the computer simulation 
Parameter Calculated value 
Vf 0.671 or 67.1% 
0.873 or 87.3% 
Erna 0.614 or 61.4% 
Pc ma 
45.05 Pa 
Pc, mia 
4464.12 Pa 
Kill. a 
4.25 x 10-12 mz 
a 1.22 
Furthermore. the model not only predicts that the position of the micro flow-front will always 
be less advanced to the macro flow-front but also that this 
difference (xma-xmia) is expected 
to decrease with time reaching around 9 mm by the end of the experimental time. The term 
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(xma-xmia), however, shows a much faster decrease in the beginning of the experiment 
compared to the experimental data (see figure 8.10). It is important to mention here that due 
to the difficulty in finding an average value for xmia, the experimental data lör (xma-xmia) 
comes from the macro-channel that showed a maximum value far xma and its adjacent yarn. 
Consequently, this difference does not necessarily give an accurate behaviour of the whole 
fibrous reinforcement. 
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Figure 8.9 Plot of the variation of the average position o1' the macro-flow 
(xma) with time along with the results from the model for xma and xmia 
The overestimated results from the model for the early portion of the curve happen hecause 
the actual injection pressure in the beginning of the experiment is tar from the pre-set value 
(40000 Pa). When the outlet gate of the pressure pot is open and the liquid starts flowing 
through the tube towards the mould, the liquid pressure Iälls immediately and then starts 
recovering until it eventually reaches the pre-set value (see figure 8.11 ). The program used a 
constant value for P;.. ; (40000 Pa) and therefore the main pressure to drive the flow was 
initially higher than should be, consequently increasing xrna and xmia. 
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Figure 8.10 Plot of the variation of the (xma-xmia) term with time fir the 
experiments and the curve generated by the original model and the model 
which used a corrected injection pressure 
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Figure 8.11 Plot of the variation of the injection pressure (experiment) with 
time throughout the experiment 
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In order for the program to correspond to the experiment more realistically, a polynomial 
curve was fitted to the injection pressure data from the pressure transducer as it can he seen 
in figure 8.1 1. This equation was then included in the program so that the injection pressure 
would be a function of time instead of a constant value. 
The improved model produced a xma curve (figure 8.12) that shows an excellent agreement 
with the experimental data 71, from which the pressure curve was taken. fir the whole 
duration of the experiment. The term (xma-xmia). also shown in figure 8.10. is still away 
from providing a good fitting as it was discussed before. 
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Figure 8.12 Plot of the variation of the average position cat' the macro-flow 
(xma) with time along with the results from the modelling for xma and xmia 
The model was then used to estimate the influence of the use of' a partial slip boundary 
condition at the interphase between fibre yarn and gap (section 4.3). 'thus the program was 
run for ub =0 and a curve similar to the one shown in figure 8.12 was found. The difference 
between the curve generated by the model considering the existence of uh and the curve 
which neglected Ub was never above 0.2% and this difference stabilised at around 0.07% for a 
time greater than 42s. Therefore, for the flow conditions of the experiments carried out with 
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the unidirectional fibre stitched mat the increase in flow rate obtained by using the partial-slip 
boundary condition can be neglected throughout the experimental time. As a consequence, 
equation 4.31 can be simplified to equation 8.7, and the flow in the gaps between the yarns 
can be regarded as a 3-dimensional flow in a rectangular pipe. 
u(y, z) =G b2_Z2+ 
4 cos ßb 
-4 
sin ßb cosh ßy 
cos ßz 8,7 2µ n=O ß2 bß3 cosh ßa 
() 
8.3.1 PARAMETRIC STUDIES 
The mathematical model and the corresponding Fortran program described in section 4.3 
were used to carry out parametric studies for the infiltration of the unidirectional stitched 
fibre mat. It was first studied the influence of P;,, j on the progress of the macro (xma) and 
micro-infiltration (xmia). Figure 8.13 presents the curves of macro and micro-infiltration 
generated for different and constant P; nj, namely, 4.5 x 103,2x 104,5 x 104 and Ix 105 Pa, 
while maintaining all other input values constant. As expected, the higher the P;,, j, the faster is 
the flow. 
Figure 8.14 shows the variation of the (xma-xmia) term, i. e. the difference between the 
macro and micro infiltration fronts, as a function of time. It can be seen that in the long-term, 
the curve for the highest P;,, j tends to approach an asymptotic value faster. It is also 
interesting to notice that in the long-term the P;,, j does not show much effect on the term 
(xma-xmia) and the curves tend to approach one another. This behaviour is applicable even 
to a Pi,, j as low as the micro-capillary pressure (Pink = Pc, mja = 4464.12 Pa). This is consistent 
with experimental observations in figure 8.4 and 8.5 for a P;,, j =4x 104 Pa. 
Figure 8.15 shows the same curves presented in figure 8.14 but for a shorter period of time. It 
can be seen that the (xma-xmia) term is initially the largest for the highest P;,, j, but falls 
rapidly, eventually reaching the lowest values. In summary, the peak in the xma-xmia curves 
decreases for lower P;,, j and all curves eventually are organised according to P;,, j, the higher 
the P;,, j, the lower the (xma-xmia) term. 
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Figure 8.13 Predicted curves for xma at different injection pressures 
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Figure 8.14 Plot ofthe predicted variation of the (xma-xmia) term with time 
at different injection pressures 
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The behaviour of the curves observed in figure 8.15 happens because initially the high P;,,; 
generates proportionally larger volume of macro-flow in the macro-channels. I lowever. 
subsequently, since the transfer flow from the macro-channels to the yarns is proportional to 
the term (xma-xmia), the larger the difference between the flow fronts, the higher is the 
transfer flow volume (figure 8.16) and, as a consequence, in the long-term the (xma-xmia) 
difference tends to equilibrate. Also, if (xma-xmia) is large. it extends back closer to the flow 
inlet (see figure 8.16), which means that the transfer flow rate is higher due to higher local 
pressures. 
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Figure 8.15 Plot of the predicted variation of the (xma-xmia) term with time 
at different injection pressures 
A second set of parametric studies followed. investigating the eftcct of the width of' the 
macro channel (2a) on the macro and micro-infiltration of the unidirectional stitched fibre 
mat. Figure 8.17 presents the predicted macro-flow curves for different pairs of P,,,; and a 
(where a is half the width of the macro-channels) and all other input parameters constant. For 
a given P;,, j, the wider the macro-channel, the J 'aster is the flow. Besides, the influence of the 
width of the macro-channels decreases hor lower P111, values; this can he explained by the 
lower relative importance of the transfer flow in comparison to the longitudinal flow. 
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Figure 8.16 Illustration of effects on the transfer flow fier (a) a 
small and (b) a large difference between macro and micro flow- 
fronts 
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Figure 8.17 Predicted curves tör xrna for two pairs cif P,,,, and a input values 
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Figure 8.18 shows the long-term (2500 s) variation of the (xma-xmia) term with time fir the 
same pairs of P;,, j and 'a' input values. In this case, the narrower channel is more influenced 
by P;,, j. Figure 8.19 shows the same curves of figure 8.18 but for a shorter time (50 s). 't'hus. 
the higher the P. the higher is the initial macro-channelling effect which will he responsible 
for a large initial increase in xma. This will he responsible for an increase in the transler 
flow. A higher transfer flow will in turn make both flow fronts approach one another faster. 
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Figure 8.18 Predicted variation of the (xma-xmia) term with time for 
different pairs of P,,, j and 'a' 
8.4 INFILTRATION OF AN ASSEMBLY OF PLAIN-WOVEN 
FABRICS IN RTM EXPERIMENTS 
In these experiments the injected fluid was an epoxy resin without curing agent which is 
expected to demonstrate Newtonian behaviour with constant viscosity throughout the 
experiment. The fluid was injected at the side gate of' the mould, generally following 
rectilinear flow. The injection pressure chosen für the RTM experiments was less than I bar 
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(10' Pa). Although such a low pressure is not generally used t)r fast R'l'M industrial 
applications, it would make the capillary pressure contribution to the total pressure more 
pronounced. The purpose of this study was to investigate the effect of capillary pressure at 
relatively low injection pressures that have been used (Chan and Morgan, 1993b. 
Lekakou et al., 1996) to measure permeability and may also be used in low injection pressure 
RTM applications. 
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Figure 8.19 Predicted variation of the (xma-xmia) term with time tier 
different pairs of P; i and 'a' 
In figure 8.20, typical data from pressure transducers 4 (closer to the side gate) and 2 can he 
seen. Although both transducers were used to analyse the validity of the data. only pressure 
data from one transducer is necessary iör calculating permeability and capillary pressure. 
Both curves show an initial portion that approximates a straight line (from 80 and 200 s. I'm 
transducers 4 and 2, respectively). As mentioned before. some time is required for the 
pressure to reach a plateau - maximum pressure value, which depends on the injection 
pressure and the position of the transducer in the mould. 
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Figure 8.20 ADC readings for both pressure transducers 2 and 4 for a 
typical experiment 
At this point it is worth remembering how the pressure is expected to vary through the length 
of the flow. In figure 8.21, it is shown that at the side injection gate, the pressure is the 
injection pressure (P;,, i). From the injection point. the pressure decreases linearly through the 
length of the flow, reaching Pc at the flow front. The pressure in the transducers varies with 
time (sec figure 8.21 for t' and t") and the rate of variation in pressure decreases with time. As 
the experiment reaches its completion, P4 and P, tend to established values. lower than P IM, 
and proportional to their distances from the injection point. 
Ehe transducers were calibrated with the help of the pressure controller and the manometer of' 
the pressure pot. The readings of' a pressure transducer located near the manometer of the 
pressure pot were found to vary linearly with the injection pressure reading in the manometer 
as presented in figure 8.22. 
Photographs of the position of the flow as a function of time were taken at regular periods, in 
synchronicity with the time showed tör the transducers. In order to calculate the permeability 
(K) of the fibrous reinforcement, a formula derived from Darcy's law (equation 3.30) is used 
(Gebart. 1992). Thus. if the square of the position of' the flow is plotted against time. the 
slope (s) of the best fitting straight line is used according to equation 8.8 to evaluate K. 
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Equation 8.8 was derived for a constant pressure condition and, as figure 8.23 shows, some 
time is required for the pressure to reach a constant value, in this case, 28406 Pa. In order to 
use equation 8.8 for a particular experiment, only the points in a valid range of pressure can 
he used. If one observes figure 8.23. which also shows the variation of the position of the 
flow front for the same experiment. it can be noticed that only after the pressure stabilises. 
the term x' varies linearly with time. Therefore. in each experiment the range of valid points 
has to be identified before the linear fitting procedure can be used. Furthermore, the more 
pictures in the valid range of pressure data. the more the number of points to be used in the 
fitting procedure. 
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Figure 8.23 Plot of the variation of the readings of the pressure transaucer anu inc 
position of the flov front with time 
The concept of a constant pressure is plausible of questioning. 
In this work, in order to 
identify the range of valid points. a fixed percentage of the maximum obtained pressure. 
usually around 96%. was utilised. An alternative procedure to overcome the variation of 
P;,,; 
is to make a best fitting of the pressure curve and use this information when 
integrating 
equation 3.27. 
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8.4.1 INFLUENCE OF THE INJECTION PRESSURE ON THE 
EVALUATION OF PERMEABILITY 
Three rectilinear RTM experiments with silicone oil were carried out for 7 layers of plain- 
woven fabric well compressed into an average mould thickness of 3.4 mm, resulting in a 
porosity e=0.561. Figure 8.24 shows the progress of the flow front with time for 
experiments 52,53 and 59 carried out at a pre-set injection pressure of 0.30,0.20 and 0.15 
bar, respectively, in the pressure pot. As expected, the higher the injection pressure the faster 
the flow; besides, as the flow progress, there is a decay in the rate of increase of x. This 
happens since the advance of the flow front varies according to OP/Ox and, for a constant AP, 
this term decreases following the increase in x (see equation 2.4). 
Figure 8.25 shows the variation of the square of the position of the flow front for experiments 
52,53 and 59. Although the curves do not have the same starting point due to a distinct 
required time to reach different levels of pressure, this will not affect the calculations of 
permeability since a period of time (At = 255 s) has been utilised instead of a fixed time after 
the start of the experiment, and therefore the slope for each experiment is the only important 
parameter from this figure. The slope of the best fitting straight lines for the linear portion of 
the x2 versus time curves for the different experiments increase for higher injection pressures. 
Table 8.3 presents the findings for experiments 52,53 and 59. If only P; "j is used in AP to 
estimate permeability in equation 8.8, x shows a decrease with the injection pressure, and 
experiment 59 seemed particularly discrepant, considering that all three experiments were 
carried out with the same number of layers of fabric at a constant thickness of the mould and 
therefore should show a constant permeability value. This happens because the capillary 
pressure was not taken into account in the OP term when estimating K. The lower the P;,, j, the 
more misled will the calculation of x be, due to the increasing relative importance of P, in the 
OP term (AP = Pc + Pi ,, j). A corrected permeability value can 
be calculated for AP = Pe + P; j 
in equation 8.8 and the values now show an excellent agreement and therefore the 
permeability proved to be not dependent on the injection pressure. 
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Table 8.3 Findings from experiments 52,53 and 59, carried out at different injection 
pressures 
Length Pre-set Reached Corrected 
Experiment C variation pressure 
in pressure in Permeability' 
2 b permeability for 255 s pressure transducer (m ) (m 2) (m) pot (Pa) (Pa) 
52 0.561 0.0606 30000 16242.6 4.9 x 10'10 3.7 x 10'10 
53 0.561 0.0301 20000 5685.2 7.0 x 10'10 3.6 x 10'10 
59 0.561 0.0164 15000 177.0 1.2 x 10'8 3.8 x 10'10 
AP = P;,, j in equation 8.8 b OP = P;,, j + P, in equation 8.8. P,, values were determined as described in section 8.4.2 
Another set of experiments was carried out at a lower porosity value (c = 0.467) by using 10 
layers of fabric. In order to evaluate its thickness, a composite was produced and its 
innermost area was cut into 9 sections about 450 mm long and 30 mm wide. As presented in 
figure 8.26 the thickness of the composite showed some variation especially at the edges of 
the mould, which were invariably thinner then its innermost part due to the localised 
clamping at the edges. An average value of 4.0 mm (± 0.1 mm) was found. 
This new set of experiments produced x versus time and x2 versus time graphs similar to the 
ones previously presented in figures 8.24 and 8.25. Table 8.4 presents the findings for 
experiments 60 and 66 carried out at different injection pressures but for a constant porosity. 
The results support the findings of the previous set of experiments, i. e., x shows a decrease 
with the injection pressure, the lower the P;,, j, the more misled will the calculation of x be, 
and the corrected permeability showed an excellent agreement. Besides, as it was expected, 
the second set of experiments, with a lower porosity, showed a lower permeability. 
Table 8.4 Findings from experiments 60 and 66, carried out at different injection pressures 
Length Pre-set Reached Corrected 
Experiment s variation pressure 
in pressure in 
d t 
Permeability 
2 ( permeability for 255 s pressure ucer rans ) m) (m 2) (m) pot (Pa) (Pa) 
60 0.467 0.0094 30000 16308.2 6.3 x 10"1 4.7 x 10" 
66 
1 
0.467 0.0070 25000 
-1 
10013.1 7.7 x 10" 1 4.8 x l0'ß 
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It has been mentioned in the literature (Visconti et al., 1998) that the measured permeability 
value varied according to the injection pressure (from I to 5 bar). Visconti and co-workers 
carried out RTM experiments with a unidirectional fibre-glass reinforcement being infiltrated 
by glycol and suggested that permeability is constant for different pressures at 45 % in fibre 
volume fraction (c = 55%), for high values of volume fibre fraction the permeability 
decreases lightly as the injection pressure increases and permeability increases drastically 
with injection pressure at c= 60%. These variations were explained based on the relative 
importance of different mechanisms (transversal and longitudinal) of yam impregnation and 
also due to flow channelling. These findings may be considered questionable under the 
current knowledge of RTM and canr of be directly compared to this work due to a much 
narrower and lower range of injection pressure used in this work. 
8.4.2 ESTIMATION OF CAPILLARY PRESSURE VIA RTM 
PERMEABILITY EXPERIMENTS 
According to equation 3.29, not only the permeability can be calculated from the slope of the 
x2 versus time curve (figure 8.27) for constant pressure and porosity but also the capillary 
pressure can be estimated considering the variation of x2 data for a certain period of time 
(255 s, in this case) for experiments carried out at different P; j (Ahn et al., 1991). As can be 
seen in figure 8.27, the data for the different experiments lie into a best fitting straight line, 
where the capillary pressure was determined as the horizontal intercept axis value 
(x22 - x12 = 0), where x22 - xi2 is the variation of the position of the flow front for a period of 
time of 255 s, and therefore, in conformity with equation 3.29, at that point P, P;,, j, in this 
case, Pc = 5505.1 Pa. The form factor for the longitudinal impregnation of the plain woven 
fabric can be calculated according to the Young-Laplace equation (equation 2.28). Thus, 
F was calculated as F=3.82, an intermediate value between 2-4 but close to 4, for 
c=0.561, a=21 x 10"3N/mand0=23°. 
Similarly, for the second set of experiments Pc was calculated as Pc = 7957.2 Pa. I Icncc, the 
lower porosity fibrous preform (c = 0.467) displayed a higher P, as stated by the Young- 
Laplace equation. Although only 2 experiments were carried out for this porosity, the 
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calculated form factor F=3.79 is also in the expected range, between 2 and 4. close to the 
one calculated for the first set of experiments. The Pc value determined in these experiments 
for the plain-woven fabric takes into account Pc.,,,;,,, P,,,,,;,, and Pc_,,,,, in the pores between the 
fibre yarns. 
The results presented in section 7.1 for the modelling ofthe capillary experiments carried out 
with one layer of the plain-woven fabric estimated a a,,, the coefficient used to split the flow 
at a junction of the plain-woven fabric delined in section 4.2. in the range of 0.67 - 0.81. 
Since the capillary experiments involved only capillary pressure. analogies can he thought of 
between F and a,,. The range of variation of' F is between 2 for a totally transverse 
unidirectional flow, and 4 for a totally longitudinal unidirectional flow. Likewise. (x,, was 
defined as 1 for a 100% longitudinal flow and 0 for a 100% transverse flow. Figure 8.28 
shows a scaled graphical comparison between F and a,, and according to this figure a farm 
factor F in the range of 3.34 - 3.82 can be predicted. I fence, the calculated values for I from 
the RTM experiments (3.79 - 3.82) are in the expected range. 
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Figure 8.26 Contour chart o1' the thickness On mm) of the composite 
manufactured with 10 layers cif' plain-woven lhhric. The circle at the centre 
represents the position ofthe radial inlet gate which although was not used as 
a gate. its feature disturbed the thickness o1 the produced composite 
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Some divergence in the literature about the firm factor F should he mentioned at this point. 
Not only this value is reported to present variations (Ahn ei al.. 1991 ) hut also the 
contribution of'each flow (flow within fibre yarns, inter-yarn and inter-laver llo ) to the total 
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flow is unknown, changing the form factor. Furthermore, the applicability of this equation to 
model experimental data for the capillary flow has also some uncertainty (Batch et al., 1996). 
The Pc values found via RTM experiments can not be directly compared to the one obtained 
by capillary experiments of silicone oil through a single layer of fabric (section 6.1) since 
they have different porosities. Therefore, in order to compare both experiments, a procedure 
was applied using the concept of normalised capillary pressure (Yc), as shown in 
equation 8.9, which depends only on the fluid and the reinforcement but not on the porosity 
of the reinforcement. 
Df ßcos0 (8.9) 
s 
The P, values for the capillary (one layer and c=0.384) and RTM experiments with 7 
(c = 0.561) and 10 layers (c = 0.467) of fabric, were, respectively, 7121.6,7035.0 and 6971.9 
Pa, showing a negligible variation. The small difference in these values may be attributed to 
interlayer and inter-yarn flow which lowers both P. and F since that flow is not necessarily 
parallel to the fibres. Alternatively, small variations of surface finish of fabrics, influencing a 
and cos 0, might also be responsible for this small variation. 
It is important to mention here that the RTM experiments were carried out within a limited 
range of pressure and porosity and although the findings seem to be consistent to the 
currently accepted knowledge in this area deviations can be expected, for instance, for highly 
packed or highly porous fibrous beds. On the other hand, misleading estimations of 
permeability can be a consequence of an irregular (not flat) flow front, flow channelling, flow 
leakage over the top or under the bottom of the layers of fabrics, fibre displacement, regions 
of different porosities, interlayer and intralayer within the reinforcement for high porosities, 
and edge effects. 
Nevertheless, it is a conclusion of this work that in the case in which the main goal to be 
achieved by RTM experiments is the determination of the permeability of the fibrous 
preform, experimental runs at a higher P; nj should be preferable since this minimises the 
influence of the usual lack of Pc data on the estimations. 
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8.4.3 INFLUENCE OF THE SATURATION OF THE FABRIC ON 
THE PERMEABILITY 
Experiments 57 and 60 were carried out under similar conditions apart from the fact that in 
experiment 57 the fibrous preform was pre-wetted in order to analyse the variation in 
permeability. Figure 8.29 shows the variation of the square position of the flow-front for both 
experiments and considering that other influencing factors were constant, an increase in the 
permeability of the pre-wetted fabric is immediately noticed by the slope of the best fitting 
straight line. Table 8.5 presents the calculated values for permeability where a threefold 
increase in permeability can be found for the pre-wetted fabric. The increase in permeability 
for pre-wetted fabrics is in agreement with the reviewed literature (Lekakou et al., 1996). 
The increase in permeability does not appear to be in anyway related to the injection 
pressure. Figure 8.30 shows the readings from the pressure transducer for experiments 57 and 
60 and it is clear that the profile curve for both experiments are practically coincident except 
for the final part of the curve which displays a relative shift of less than 5%, related to fine 
adjustment of the valve of the pressure pot. Besides, it has already been concluded that P; q is 
not expected to alter permeability values. 
Table 8.5 Findings from experiments 60,57,65 and 52, carried out at different injection 
pressures 
Length Pre-set Reached Corrected 
Experiment E variation 
pressure in pressure in 
d 
Permeability 
z permeability for 255 s pressure ucer trans (m) (mz) 
(m) pot (Pa) (Pa) 
60 (dry) 0.467 0.0094 30000 16308.2 6.3 x 10" 4.7 x 10" 1 
57 (wet) 0.467 0.0206 30000 15586.9 1.5 x 10'10 
52 (dry) 0.561 0.0606 30000 16242.6 4.9 x 10'10 3.7 x 10"10 
65 (wet) b 0.561 0.0448 1 35000 c 19259.0 5.6 x 10'10" 
' Corrected permeability is not applicable since a pre-wetted täbric is presumed saturated and 
therefore does not display capillary pressure 
b This experiment has been carried out with a higher viscosity silicone oil (µ sks 0.22 Pa. s) 
°A higher P;,, j is not supposed to affect the determination of permeability 
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Experiments 52 and 65 carried out at a higher porosity also showed an increase in 
permeability for the pre-wetted fabric. However, this increase did not exceed 52% of the 
original value. This can be explained by the fact that the micro-flow has a relatively greater 
importance for fibrous preforms with a lower porosity. In fact, for highly packed fibrous beds 
(low porosity) or for low injection pressure, the micro-flow will be crucial in determining the 
behaviour of the flow. 
8.4.4 INFLUENCE OF THE TEST FLUID ON THE ESTIMATION 
OF PERMEABILITY 
Estimations of permeability via RTM experiments with 7 layers of plain-woven fabric 
(c = 0.561) were also carried out with an epoxy resin without the curing agent (t = 1.7 Pa s, 
a= 44 x 10"3 N/m and 0= 57.1°). The results, summarised in table 8.6, display the same 
features found for the silicone oil experiments described in section 8.4.1. The epoxy resin 
experiments were much slower than the silicone oil ones due to the large difference in 
viscosity. The most important finding from this table is, however, that the corrected 
permeability values obtained with the epoxy resin (x -- 3.6 x 10-10 m2), by taking into account 
P° in AP, were very close to the ones found for the silicone oil (x s: W 3.7 x 10-10 m2 - table 8.3). 
The small difference between these values is within the expected range of experimental error 
and therefore can not be attributed to the properties of the fluids. Hence, as expected, the 
permeability of the fibrous preform is not dependent on the permeating fluid. 
The capillary pressure for the epoxy resin experiments was again determined as the 
horizontal intercept axis value in figure 8.31 as P, = 6841.0 Pa and the form factor for the 
longitudinal impregnation of the plain woven fabric was calculated as F=3.84. This value is 
just outside the expected range and very close to the previously calculated value for the RTM 
experiments with silicone oil (F = 3.79 - 3.82), proving to be independent of the infiltrating 
fluid. This could be expected since F is a property of the specific fabric with its characteristic 
distribution of warp and weft yarns. 
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Table 8.6 Findings from experiments 33,34 and 35, carried out at eitlerem injection 
pressures 
Length Pre-set Reached 
Lxperiment s 
variation pressure in pressure in I'ermeahiIit\ 
2- 
"rrrrtrýl 
pernmeahiI for 255 s pressure transducer (ni) 
(m) pot (Pa) (Pa) 
Is 
33 0.561 0.01087 90000 50209.8 4. O x 1(1' 3. h x 10 -1 ) 
34 0.561 0.00749 70000 31914.8 4.4 x 101" 3.6 x 10-1" 
35 0.561 0.00421 40000 15390.2 5.1 x 101' 3.5 x 10-1ii 
ýý 
ýo 
-10000 O 10000 20000 30000 40000 50000 60000 
I'inj (Pa) 
Figure 8.31 Variation of the epoxy resin inliltration in a period ol'255s as a 
function of the applied injection pressure for experiments 33 (f ), 34 (") and 
35 (") 
8.4.5 ANALYSIS OF EDGE EFFECTS IN RTM 
Analysis of the first R7'M experiments carried out in this study shoxýcd flo\% front 
perturbations (sec figure 8.32), or edge effects. As can he seen in this figure. the floc 
velocity in the channel between the porous medium and the mould edge is much more 
developed than the hulk flow, inside the porous reinforcement. I)ue to its importance in 
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rectilinear flow experiments, edge effects have been studied experimentally and also taken 
into account in computer simulations of the mould filling process (llammami et al., 1998; 
Young and Lai, 1997). Two main experimental factors are known to cause this adverse flow, 
as detailed below. 
Firstly, tape was used to avoid fabric fraying during cutting and/or subsequent use of the 
layer but it seemed that the tape was leading the flow. So, one experiment was conducted 
with tape in only one side and, indeed, the side with the tape produced a larger edge effect. 
This supposition was further confirmed by the capillary experiments, which also exhibited an 
irregular flow front in the early experiments with fabrics with taped edges (see figure 8.33). 
So the use of tape was abolished for the subsequent experiments. Parnas et al., 1995, also 
mentioned the influence of the tape on fluid flow behaviour and on the measurement of 
permeability. In their case, to minimise edge effects, a tape only 1.6 mm wide was used. 
Secondly, the flow will occur more readily if the porosity is higher. In fact, it was noticed 
that the manual cutting produced layers of different widths, that will be occasionally 
responsible for gaps (or regions with higher porosity) between the extremes of the layers (or 
some of them) and the inner walls of the mould. Gauvin and Trochu (1998) mentioned that 
even gaps as narrow as I or 2 mm can be responsible for edge effects. 
A few approaches were tried to avoid edge effects, like using narrow extra layers or thin rolls 
of fabrics in the edges, but they proved to produce rather variable results, such as complete 
blocking of the flow or irregular flow in the layers, even because the thickness of the mould 
near these regions would be affected. 
Therefore, the best way found to overcome these difficulties was to employ layers of fabric 
purposely cut slightly wider than the mould cavity and, prior to their placement in the mould, 
to remove the tape (see Wang et al., 1994; Wu et al., 1995). Also, silicone tubes were used to 
redefine the edges inside the mould. Although this is not an ideal approach, if there is any, it 
proved to be effective, as can be seen in figure 8.34, and it was used in all RTM experiments 
described here. Nowadays moulds are equipped with a dynamic primary resin seal which 
uses an external vacuum and pressure controller to suit varying cavity thickness and injection 
pressure, allowing a better control of edge effects (Plastech, 1999); nevertheless, even then 
the use of a fabric width higher than the width of the mould is still recommended. 
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edge ellccts 
It is interesting to mention here that a recent paper by Mohan el a!. (1997) has challenged the 
usual concept that race tracking. channels of reduced flow resistance. are always undesirable. 
These authors have suggested that controlled use of' race tracking can actually he used to 
reduce injection pressure required to fill a mould. fier constant flow-rate injection. or to 
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Figure 8.33 Schematic showing the 
presence of edge elects in capillary flow 
experiments in a flibric with tared edges 
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shorten mould tilling times for constant pressure injection. Besides, edge effects are also 
claimed to allow for resin to be channelled to areas of' the mould which need to he filled 
earlier. improving the mould filling process. This idea is somehow related to the use ol'a high 
permeability layer (HPL) placed on top of the fibre mat lay-up to reduce mould filling time 
and/or increase the ultimate distance resin can be drawn into the mould hN creating a 
transverse flow in the fibre mat (Tari el al., 1998). 
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Figure 8.34 Photograph of an RT M experiment where edge cflcrts have 
been controlled 
8.4.6 CONCLUSIONS 
In all. once a few experiments at the same conditions apart Irom the 11,,,, are performed. the 
actual P value of the fibrous preliºrm can he estimated. 1',,,, in these experiments has to he 
relatively low. comparable to Pc. This procedure makes the determination cif P; not only 
easier. since no extra apparatus is needed to carry out the estimations apart from the R I'M 
equipment already used for mouldings. but also much faster than capillary experiments. 
Regarding the estimation of permeability it has been shown that the higher the injection 
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pressure, the lower the associated error of not including P, into the permeability calculation 
(by using equation 3.30 instead of equation 3.29). Also, the digital pressure controller proved 
to be very important to control P;,, j throughout the experiment. The permeability of the plain- 
woven fabric proved to be independent of the injection pressure or the infiltrating fluid. 
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Chapter IX - Conclusions and Recommendations for Future Work 
9.1 CONCLUSIONS 
This work included experimental studies and mathematical modelling regarding the progress 
of infiltration of fibrous porous media and the determination of permeability and capillary 
pressure. The experimental part of this thesis first involved a description of the fibrous 
materials used in the various experimental set-ups. Yams extracted from a plain-woven glass- 
fibre fabric and the fabric itself were used in capillary infiltration experiments, whereas 
assemblies of either the woven fabric or a stitched unidirectional fibre tow mat were used in 
RTM infiltration experiments. The diameter of the coated fibre filaments (D f sv 10.5 µm) was 
estimated by direct observation under an optical microscope and with the aid of a DCA 
analyser. The pore spaces between fibre filaments within the yarn were found to be highly 
variable not only in shape but also in size. 
Important properties of the infiltrating fluids, silicone oil and an epoxy resin without any 
hardener, regarding the infiltration process were measured and compared to relevant data 
from the literature. Thus, the density was approximately 850 kg/m3 and 1131 kg/m3, for the 
silicone oil and the epoxy resin, respectively. Viscosity measurements were carried out with a 
Brookfield viscometer before each capillary and RTM infiltration experiment and, in the case 
of long-term experiments, also at regular time intervals; both fluids were Newtonian in the 
temperature range of interest, with averaged viscosities, µs; i; coc = 0.12 Pa s and 
pp.,, y = 1.7 Pa s. The much higher viscosity of the resin implied that equilibrium times in 
capillary experiments were expected to be much longer. 
Surface tension of the silicone oil, 0.023 N/m, and epoxy resin, 0.044 N/m, were measured 
by a digital tensiometer, which is based on the DuNoüy ring technique. The contact angle 
between the fluids and the glass-fibre, 0,, ili c oil = 21 ° and 
O, poxy resin = 57°, was determined by 
the Wilhelmy plate method using a DCA analyser. Silicone oil was found to have better 
wettability than the epoxy resin although, for the given fibrous reinforcement, epoxy is 
expected to impart a higher capillary pressure. 
Axial capillary infiltration experiments, based on the Wilhelmy principle, were carried out 
using a vertical single fibre-yarn and a layer of plain-woven fabric being infiltrated by a 
Newtonian fluid subject to capillary forces only. Two different approaches were used to 
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correlate the height rise of a column of fluid in the sample and the respective weight increase 
of this column to P, and x: (a) the differential method, where the rate of height and weight 
increase is used to estimate P. and x; and (b) the integral method: where a software package 
with a non-linear parameter fitting procedure was used to fit the time against height or weight 
data, producing values, mainly, for the equilibrium height and equilibrium weight, which 
were then used to estimate P. and K. 
Fibre Yarn: 
The capillary experiments showed that the equilibrium state was never reached. Overall, for 
both height and weight experiments, the integral method proved to be more reliable than the 
differential one, since the former smoothens the flow front advancement by considering all 
the past history at each point whilst in the latter small variations in singular data point 
readings can lead to a much greater scatter. The two different methods of analysing the data 
showed a good agreement and the average value of Pc seemed to compensate for differences. 
Height readings showed a generally good agreement (especially for the resin) and two main 
features that are applicable to all capillary experiments: The fitting procedure might fit more 
accurately a limited range of the experimental points, and, the duration of the experiment 
influences the estimation of the equilibrium height (he). In other words, the further the 
height is from the equilibrium position, the more underestimated the ht value will be. 
Although the equilibrium time was never reached (t99 was much higher than the experimental 
time), the variation of dh/dt versus 1/h and dw/dt versus 1/w proved to be linear. The first 
height and weight readings showed a greater scatter due to large dh/dt and dw/dt terms. 
Scatter also occurred in the initial weight readings due to fibre wetting effects, which must 
also reflect on the initial height readings. 
An equivalent equilibrium height predicted from the weight measurements showed that both 
height and weight sets of experiments, with independent measurements, gave equivalent 
results, especially for the integral method. Besides, although the values found for h, were of 
the same order of magnitude as the ones found in the literature (Batch et al., 1996), they were 
up to 30 times lower than the theoretical ones. 
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The total area of voids in the yam was higher than initially thought, which might have 
occurred due to handling of the yam for hanging it in the support and/or fibre swelling by 
liquid during the capillary experiment. As a consequence, the actual value for the porosity of 
the yam increased from 0.42 to 0.51 (for silicone oil) and 0.75 (for the epoxy resin). It seems 
that due to insufficient load imposed on the yarn, as the high viscosity epoxy flowed through 
the pores, it opened them at an even larger extent than that obtained for the silicone oil. 
Following the progress of silicone oil for longer periods of time proved to be troublesome 
due to the arduous task of visually observing the flow front. For the resin, however, long- 
term experiments (;; - 23 days) were possible and although equilibrium was still not reached 
(dh/dt -- 5 mm/day by the end of the experiment), the estimations of P, were much greater for 
both fitting methods and in agreement with the theoretical predictions by using the Young- 
Laplace equation within a 6% deviation. This is a substantial improvement to values of 
measured P, reported in the literature. Weight readings were not obtained for the long-term 
experiment since a long piece of yam (0.2 m) could not be fitted inside the balance chamber 
and the balance could not be allocated for the experiment for such a long period of time. 
Therefore, the average porosity within the yarn was estimated in burn-off tests (cy = 0.45) 
and microscopy/image analysis (ey = 0.47). 
Darcy's law was used to model the flow through the yarn micro-pores, where the yarn was 
considered as a tow of unidirectional fibres. The mathematical model was solved by using the 
finite difference method and was implemented in a computer algorithm. The results were 
used to build graphs that would simulate the infiltration process, determining P, and x in a 
trial-and-error procedure where a pair of P, and K values are guessed and given as input 
values to run the computer program. 
A sensitivity computational analysis for the capillary flow illustrated that an increase in x 
was responsible for an increase in dh/dt. Likewise, if x was kept constant, an increase in Pc 
also shifted the flow height curve upwards. Therefore, the computer generated flow curves 
which were regarded as a result of the combination of these two input parameters, Pc and K. 
One important feature of all simulated flow runs with either silicone oil or epoxy resin was 
that whenever data generated from the integral fitting procedure of the experimental data of 
the capillary experiments were used as the input values, the modelled curve satisfactorily 
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represented the data for, at least, the duration of the experiment. This was used to validate the 
computer algorithm. 
Purely theoretical predictions using the Young-Laplace equation for P, (F = 4) and Carman- 
Kozeny equation (K(, = 0.30) for x, produced highly overestimated flow height curves. TIu 
Young-Laplace equation required the input of values for a, 0, Rc, F and c, where ß, 0, Rf and 
c were measured. On the other hand, the determination of K required the knowledge of the 
Kozeny constant, K0, and due to uncertainties regarding its value (Ko = 0.30), the theoretical 
K was subject to questioning. Comparison of experimental and modelling results showed that 
K values were actually much smaller than first estimated from the experiments. 
For the long-run experiment, whilst the use of a theoretical P, from the Young-Laplace 
equation (F = 4) resulted in an estimation of x very close to what had been suggested by the 
integral fitting of the experimental data, the use of a theoretical K value (K. = 0.30) showed 
to be inappropriate, since no P, value would make the output curve fit the experimental data. 
Therefore, this experiment provided trustworthy data that clearly showed that the Carman- 
Kozeny constant (Ko) should be greater than 0.3. However, the theoretical Pc value estimated 
from the Young-Laplace equation with F=4, proved to be not only experimentally 
achievable for long-run experiments but also responsible for producing simulated curves with 
good agreement with the experimental data. 
Data from both silicone oil and epoxy resin experiments were used to estimate K0. The 
permeability was found to decrease with a decrease in porosity and bearing in mind that l0 is 
supposed to vary with the fibre volume fraction, Ko was estimated for the range of 
c=0.41 - 0.48 as K=1.58, and for the range of c=0.70 - 0.81 asKo=5.77. 
Overall, considering all the data that has been presented, it could be said that if the 
experiment is not left for a sufficiently long time to approach equilibrium, the proposed 
mathematical capillary flow model, as other models, is likely to lead to an underestimation of 
Pc, consequently increasing the x value and altering Ko, since these parameters are linked. 
Although a wide number of combinations of P, and x values could satisfy the experimental 
data for a short infiltration time, the number of combinations were restricted for longer times 
making the fitting procedure of the experimental data more reliable. In other words, a few 
experiments have to be carried out until near equilibrium, enabling the estimation of K0 for 
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that range of porosity and, from then on, the program can be used to accurately predict the 
flow progress. 
The theoretical procedure of estimating P, from the Young-Laplace equation (F = 4) and K 
from the Carman-Kozeny equation with K0, as concluded earlier, for the different porosity 
ranges can be employed for the theoretical determination of input values of axial capillary 
pressure and permeability of the fibre yarn in the algorithms of network micro-flow or the 
algorithm for macro- and micro-infiltration of mats of unidirectional fibre tows. 
For the fabric: 
Capillary infiltration experiments were also carried out for the plain-woven fabric in order to 
validate the micro-flow network model for the woven fabric. An experimental time of up to 7 
hours was not sufficient for the capillary flow to reach equilibrium. The integral fitting 
procedure still seemed appropriate for both height and weight readings plotted against time. 
The data for the height increase of the silicone oil infiltrating the fabric for different 
experiments were fairly coincident and small variations were attributed to the fact that an 
averaged position of the column of liquid had to be considered. The values for the weight 
increase for different experiments, however, were not directly comparable since the width of 
fabric submitted to the test varied due to a manual stitching procedure of the edges. 
The estimated values of fibre volume fraction for yarns parallel and transverse to the flow 
direction were very similar (Vf-- 0.62) and the scatter was within the range of experimental 
error. As expected, the fabric architecture restricted the expansion of the micro-pores, 
showing a lower yarn porosity when compared to the single free yarn. The aspect ratio of an 
ideal elliptical yarn suggested a more flattened shape of the yams of the fabric when 
compared to the single free yarns. Overall the fabric experiments showed a much greater 
reproducibility than the yarn ones mainly due to a greater stability of the fibre yams within 
the woven pattern. 
Considering the apparent suitability of the long run experiments, it was decided to leave the 
experiment with silicone oil running for about 19 days. Equilibrium was not reached yet, with 
an average oil rise of 10 mm/day. The results of P, from the long-run experiment were 
significantly higher than for the short-run experiments with the fabric, once again confirming 
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the importance of the duration of the experiments on the P, results. The x values found for 
the fabric were 3.9 x 10"13 m2 and 4.9 x 10-13 m2 for the integral and differential method, 
respectively. A long run experiment with epoxy resin - approximately 4 months - was also 
not sufficient for the capillary flow to reach equilibrium. Again, the h,, value, and 
consequently Pc, agreed very well with the theoretical predictions from the Young-Laplace 
equation (F = 4), within a 4% scatter. 
The single yams allowed an initial faster flow than the fabric did. The yam 
(c = 0.47, Pc = 9730.1 Pa and x=1.2 µm2) had a larger x than the axial yam of the fabric 
(c = 0.38, Pc = 14032.9 Pa and x=0.29 µm) and on the other hand a lower P,. Thus, it 
seems that to obtain a larger initial rate of height rise, a high x value is relatively more 
important than a high P, 
The transverse yams of the fabric did not alter the capillary pressure of the axial yarn of the 
fabric since they were not in the path of the main flow front and were only accountable for 
using part of the volumetric flow rate of the axial flow to saturate their own pores, in other 
words, the main flow occurred axially in the yarn and from then it infiltrated through the 
radius of the transverse yams at the yam cross-over. Although this phenomenon does not 
decrease the capillary pressure of the axial yarns, it slows down the main flow and can be 
thought of as being responsible for a virtual decrease in the permeability of the axial yarn. 
Therefore, the theoretical P, for the axial fibre yam was estimated from the Young-Laplace 
equation by using the porosity of the axial yam and a form factor F=4, showing a very good 
agreement with the experimental value. 
The silicone oil capillary infiltration experiment for the fabric (c sts 0.38, P, = 11424.2 Pa and 
x=0.39 µm2 - from the integral fitting method) resulted in a higher permeability than the 
corresponding experiment with epoxy resin (c = 0.38, P, = 14032.9 Pa and is - 0.29 µm2). 
The main reason envisaged to justify the variation in permeability was that there were no 
means of confirming the porosity value of the axial yarn of the fabric when being 
impregnated by the silicone oil and even a variation in the porosity value of less than 7% 
would already have caused such a difference in the permeability value. Another possibility 
was associated with the restriction of flow due to the presence of a polymer layer, which is 
responsible for a partial blockage of the effective radius of the capillary pores available for 
the flow. In the case of this study, if the theory., tnadsorbed polymer layer is to be applied, it 
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seems that the epoxy would yield a thicker adsorbed polymer layer resulting in a decrease of 
the effective capillary diameter, reducing the fabric permeability. 
Close observation of the capillary flow experiments in a layer of plain-woven fabric being 
infiltrated by epoxy resin, revealed three major macroscopic features: (a) The flow front was 
not homogeneous, which could only be attributed to the pore distribution of individual yams; 
(b) The flow progressed axially in the vertical yams whereas the horizontal yarns were filled 
in such a way that there were, at any time, at least 3 partially filled transverse yams behind 
the flow front; and (c) There were clear unfilled gaps between the yams and therefore, the 
microflow within the fibre yarns of a plain-woven fabric was modelled as Darcy's flow 
through a two-dimensional orthogonal network of porous fibre yarns, linked at fibrous porous 
junctions, assuming no macroflow between fibre yams. 
A few models were proposed regarding the unknown coefficients a, and at used to split the 
flow between axial and transverse yarns at every junction: (a) Model 1: The coefficient cc. 
was the same at all unsaturated junctions throughout the infiltration process; (b) Model 2: The 
coefficient as was the same at all junctions but varied with inf iltration time; and (c) Model 3: 
The coefficient as varied depending on junction and time; thus, taking detailed account of all 
effects on flow split. Models 2 and 3 required a., and consequently at, to be estimated 
regarding current local pressures and flow. 
For model 1, the curves for a pre-set ae in the range of 0.01 - 0.90 were practically 
coincident. This was explained by the fact that the faster the axial flow (for a higher a, ), the 
more junctions were reached, and hence, the axial flow became further reduced by the 
transverse flow, especially as at was low and there were many unsaturated junctions. In the 
runs for a lower ae the flow not only reached junctions at a lower rate but also, due to its 
higher at, saturated those junctions faster. 
Curves for ae in the range of 0.99 - 0.9999 shifted away from the others since the vast 
majority of the flow was being directed in the axial direction, tending to neglect the presence 
of transverse flow. Model 1 also predicted that an a, of around 0.70 would be considered the 
best value for making the model agree with the experimental observations in terms of the 
number of unsaturated junctions (three unsaturated junctions at the flow front). 
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Model 2 slightly overestimated the experimental data since this model required the use of 
averaged values for the difference between the height of the axial flow front and the height of 
a particular unsaturated junction and for the position of the transverse flow front at each 
unsaturated junction, which were responsible for keeping the a, varying in a particularly 
narrow range (0.82-0.83) and the number of unsaturated junctions at the flow front, 
fluctuating between 4 and 5. Model 2 resulted in a predicted permeability value of 
4.9 x 10.13 m2 for the fabric. 
For model 3, the best agreement between the predictions of infiltration progress and the 
experimental data occurred. Therefore, the use of an individual ae for each junction, which 
allowed a more appropriate distribution of the flow, generated results closer to the 
experimental data. as values were in the range of 0.66 - 0.81 depending on the position of the 
junction and infiltration time and, by the end of the experiment, there were 3-4 unsaturated 
junctions at the flow front, being in accordance to what was expected from the analysis of the 
photographs of the actual flow. 
The predicted curve of capillary flow of the epoxy resin through the woven fabric up to 
equilibrium showed that the further the junction is from the surface of the liquid of the 
container, the longer it takes to be fully saturated. This illustrated a well-known feature of 
capillary experiments, the required long duration of experiments. For just 50% of the 
equilibrium height to be reached, the experiment would take approximately 752 days, 
justifying the use of computational models to obtain predictions. 
The validation of the Darcy's network micro-flow model in this study has particular 
significance in the application of this model for RTM of high fibre volume fraction 
composites where the fibre reinforcement consists of well packed assemblies of woven 
fabrics and macro-channels are negligible. 
Parametric studies by employing the algorithm with the Darcy's network micro-flow model 
led to the conclusions that the ratio of longitudinal to transverse permeability should be 
between 8: 1 and 33: 1. Parametric studies also showed that most input values used by the 
model influence the final infiltration curve obtained. Therefore, input values need to be as 
accurate as possible. Hence, it is important to experimentally measure parameters as the 
viscosity, density and surface tension of the infiltrating fluid, the diameter of the yarn, the 
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diameter of fibre filaments and the porosity of the yarn. It is also essential to know the fabric 
architecture and to properly describe it. 
RTM of a unidirectional fibre tow mat: 
Basic infiltration studies in an RTM set-up were carried out with a unidirectional stitched 
glass-fibre tow mat. A model fluid infiltrated the reinforcement along the fibre direction and 
both macro and micro-infiltration were present. The employed injection pressure was 
sufficiently low so that the capillary pressure effects could not be neglected. This sct-up was 
designed to especially test the macro- and micro-infiltration model. 
The flow front was not completely flat in the experiments, and therefore an average position 
of the flow front was used for later comparisons to the model predictions. Besides, there was 
some scatter in the data from different experiments and these variations were regarded as 
results of small differences in the individual pressure profile of each experiment and in the 
fabric architecture due to handling since this is a relatively loose fibre mat. 
The macro-flow was always ahead of the micro-flow and, throughout the duration of the 
experiment, a consistent decrease in the difference between the two flow fronts occurred, in 
other words, the micro-flow tended to reach the macro-flow; by the time the experiment was 
terminated, this difference was as small as 3 mm. The experiments were, however, unable to 
show if the micro-flow eventually reaches the macro-flow since longer periods of infiltration 
time were not possible due to the limited length of the mat (0.33 m). 
Microscopic analysis of the structure of the laminate showed that the integrity of the macro- 
channels was maintained and, although some yarn misalignment due to the clamping of the 
mould was present, this was not supposed to affect the results since the model evaluated an 
individual layer. Moreover, although the yams had somehow dissimilar shapes, the area of 
the yams and the width of the macro-channels showed a standard deviation of less than 9.5%. 
A model including macro and micro-infiltration of the assembly of unidirectional fibre tows 
was developed to describe the behaviour of the flow when infiltrating the unidirectional 
stitched fibre mat. In this, the macro-flow was modelled as Poiseuille duct flow and the 
micro-flow was modelled as Darcy's flow. The input values used by the model were either 
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measured or calculated via equations such as the Young-Laplace equation for the capillary 
pressure and equation 4.37 for the estimation of a, the empirically determined dimensionless 
quantity which characterises the structure of the permeable material within the boundary 
region between the macro-channel and the fibre tows. 
The model generated predictions of the progress of the macro-flow front which were in 
excellent agreement with the experimental data, where the injection pressure input data were 
supplied from measurements from the pressure transducer during the actual experiment. The 
model also predicted that the position of the micro flow-front, xmia, was always less advanced 
than the macro flow-front, xma, and that this difference (xma-xm; e) tended to decrease with 
time reaching around 9 mm. The term (xma-xm; a), however, showed a much faster decrease in 
the beginning of the experiment compared to the experimental data. 
The model was then used to estimate the influence of the use of a partial slip boundary 
condition at the interphase between fibre yam and macro-channel. The difference between 
the predicted flow curve generated by the model considering the partial slip boundary 
condition and the curve produced from the no-slip boundary condition was never above 
0.2%, which could be expected due to the low permeability of the fibre tow and the small 
depth of the boundary layer. Therefore, for the flow conditions of the experiments carried out 
with the unidirectional fibre stitched mat the increase in flow rate obtained by using the 
partial-slip boundary condition could be neglected throughout the experimental time. 
Parametric studies investigated the effect of the width of the macro channel (2a) on the macro 
and micro-infiltration of the unidirectional stitched fibre mat. For a given P;,, j, the wider the 
macro-channel, the faster was the macro-flow. Besides, the influence of the width of the 
macro-channels decreased for lower Pij values; this was explained by the lower relative 
importance of the transfer flow in comparison to the longitudinal flow. 
RTM of assemblies of plain-woven fabrics: 
Rectilinear infiltration experiments with assemblies of a plain-woven fabric in an RTM set- 
up at various low injection pressures were carried out to evaluate permeability and capillary 
pressure of the woven fibre preform from the analysis of the experimental data. 
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As the derivation of the equations used to determine is and P. assumed constant injection 
pressure conditions, the identification of the region of constant pressure in the pressure curve 
from the pressure transducer proved to be a very important requirement, since some time is 
required for the pressure to reach a plateau and for the term x2 to vary linearly with time. The 
pressure controller used to calibrate the pressure transducers and to control the air pressure in 
the pressure pot also proved crucial. 
As expected, the higher the injection pressure (P;,, j) the faster was the flow; besides, as the 
flow progressed, there was a decay in the rate of increase of x. This happened since the 
advance of the flow front varied according to OP/Ox and, for a constant AP, this term 
decreased following an increase in x. Besides, the slope of the best fitting straight lines for 
the linear portion of the x2 versus time curves for the different experiments increased for 
higher P;,, j. 
If only Piri was used as the driving force in Darcy's law, x showed a decrease with the 
injection pressure, reaching very discrepant values; considering that experiments were carried 
out with the same number of layers of fabric at a constant thickness of the mould, a single 
permeability value should have been estimated. This discrepancy happened because the 
capillary pressure was not taken into account in the OP term of Darcy's law when estimating 
K. The lower the Pij, the more misled the calculation of x was, due to the increasing relative 
importance of P, in the OP term (OP = Pc + Pink). When a corrected permeability value was 
calculated for OP = P, + P1,, j, the values showed an excellent agreement and therefore the 
permeability proved to be not dependent on the injection pressure. These findings were 
confirmed by a new set of experiments at a different porosity of fibre reinforcement. Besides, 
as it was expected, the second set of experiments, with a lower porosity, showed a lower 
permeability. 
It is important to mention here that the RTM experiments were carried out within a limited 
range of pressure and porosity and although the findings seem to be consistentw, 'A the 
currently accepted knowledge in this area deviations can be expected, for instance, for highly 
packed or highly porous fibrous media. On the other hand, misleading estimations of 
permeability can be a consequence of an irregular (not flat) flow front, flow channelling, flow 
leakage over the top or under the bottom of the layers of fabrics, fibre displacement, regions 
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of different porosities, interlayers and intralayers within a high porosity reinforcement, and 
edge effects. 
Nevertheless, it is a conclusion of this work that in cases where the main goal to be achieved 
by RTM experiments is the determination of the permeability of the fibrous preform, 
experimental runs at a relatively higher P;,, j should be preferable since this minimises the 
influence of the usual lack of P, data on the estimations. 
The experimental analysis of the flow measurements also yielded a value for the P, of the 
assembly of woven fabrics by using equation 3.29. Besides, a form factor, F, for the plain- 
woven fabric being infiltrated by silicone oil was determined according to the Young-Laplace 
equation as F=3.79 (for c=0.47) and F=3.82 (for c=0.56), which is close to F=4 
demonstrating that the flow along the fibres was dominant. The form factor obtained from the 
epoxy resin RTM experiments was calculated as F=3.84 (for c=0.56); this value is very 
close to the previously calculated values for the silicone oil experiments, proving to be 
independent of the infiltrating fluid. This could be expected since F is a property of the 
specific fabric with its characteristic distribution of warp and weft yams. 
A normalised capillary pressure, independent of porosity, was used to compare the P,, 
values found at different porosities. The Pý values for the capillary (one layer and c=0.384) 
and RTM experiments with 7 (c = 0.561) and 10 layers (c = 0.467) of fabric, were, 
respectively, 7121.6,7035.0 and 6971.9 Pa, showing a negligible variation. The difference in 
these values may be attributed to interlayer and inter-yarn flow which lowered both P, and F 
since that flow is not necessarily parallel to the fibres. Alternatively, variations of surface 
finish of fabrics, influencing a and 0, might also have been responsible for this small 
variation. 
An increase in permeability was found for pre-wetted fabrics in comparison to dry ones. This 
increase did not appear to be in anyway related to the injection pressure, since the transducer 
pressure curves for different experiments were practically coincident. RTM experiments at a 
higher porosity also showed an increase in permeability for the pre-wetted fabric. However, 
this increase did not exceed 52% of the original value. This was explained by the fact that the 
micro-flow has a relatively greater importance for fibrous preforms with a lower porosity. In 
fact, for highly packed fibrous beds (low porosity) or for low injection pressure, the micro- 
flow will be crucial in determining the behaviour of the flow. 
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Estimations of permeability via RTM experiments also showed that the corrected 
permeability values obtained with the epoxy resin (x ms 3.6 x 10'10 m2), by taking into account 
P,, in OP, were very close to the ones found for the silicone oil (x M 3.7 x 10-10 m2). The small 
difference between these values was within the expected range of experimental error and 
therefore could not be attributed to the properties of the fluids. Hence, the permeability of the 
fibrous preform in RTM was not dependent on the permeating fluid. 
Finally, analysis of the first RTM experiments carried out in this study showed the presence 
of edge effects. Two factors were identified as causing edge effects. Firstly, the tape used to 
avoid fabric fraying during cutting and/or subsequent use of the layer. Secondly, the manual 
cutting produced layers of different widths, that were responsible for gaps (or regions with 
higher porosity) between the extremes of the layers (or some of them) and the inner walls of 
the mould. A few different approaches were tried to avoid edge effects, and the best way 
found to overcome these difficulties was to employ layers of fabric purposely cut slightly 
wider than the mould cavity and, prior to their placement in the mould, to remove the tape. 
Also, silicone tubes were used to redefine the edges inside the mould. Although this is not an 
ideal approach, if there is any, it proved to be effective, and it was used in all RTM 
experiments described here. 
In all, the long experimental time necessary for capillary experiments to give proper 
estimation of Pc and permeability drove the investigation into a new method of measuring 
these properties through RTM experiments. Once a few experiments at the same conditions 
but different Pij are performed, the actual Pe value of the fibrous preform can be estimated. 
This procedure makes the determination of Pc not only easier, since no extra apparatus is 
needed to carry out the estimations apart from the RTM equipment already used for 
mouldings, but also much faster than capillary experiments. 
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9.2 RECOMMENDATIONS FOR FUTURE WORK 
Capillary infiltration experiments: 
The porosity of the fibre yam can be controlled by using glass capillaries. In case these 
capillaries are found not to influence the results, experiments can be carried out at different 
porosities to further check the theoretical values from the Young-Laplace equation and to 
estimate permeability. 
Data collection, especially the weight, should be automated so that data, especially at a 
higher dw/dt, can be more reliably collected. 
RTM infiltration experiments: 
A wider range of fibre volume fractions can be used to check the findings, including the 
possibility of simultaneously estimating the capillary pressure and permeability of the 
reinforcement in an RTM apparatus; different woven fabrics can also be used. 
Experiments can be carried out at a higher injection pressure to check the trends observed in 
the experiments. 
Modelling: 
Combination of different aspects of the tested sub-models of the infiltration of porous media 
could yield a more complex model for the prediction of permeability, capillary pressure and 
infiltration flow in various types of fibre reinforcements used in RTM. 
The capillary network Darcy's flow model could be upgraded to take into account the macro- 
flow. 
The unidirectional flow model can be further developed to account for transverse yarns 
in the 
streamwise direction. 
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CAPES 
Appendices 
APPENDIX I 
PROGRAM FOR THE SIMULATION OF THE CAPILLARY FLOW 
INFILTRATION OF A SINGLE YARN 
LIST OF MAIN SYMBOLS 
DT: Time step (s). 
DX: Length step (m). 
ERRMIA: Estimated relative error. 
G: Constant: acceleration of gravity (m/s2). 
ITIM: Current number of main iterations. 
KMIA: Axial permeability of the fibre yam (m2). 
MU: Viscosity of the infiltrating fluid (Pa s). 
NTOT: Maximum number of main iterations. 
PCAPMIA: Axial micro capillary pressure (Pa). 
PI: Greek constant (7t). 
PORMIA: Micro-porosity of the yam. 
RHO: Density of the infiltrating fluid (Kg/m3). 
TIME: Current time (s). 
VELMIA: Axial velocity of the micro flow-front (m/s). 
XMIA: Position of the micro flow-front at a particular time step (m). 
PROGRAM LISTING 
1 PROGRAM YARN 
2 IMPLICIT DOUBLE PRECISION(A-H, O-Z) 
3 PARAMETER(NTOT=1000001, G=9.8 1, PI=3.141592) 
4 REAL KMIA, RHO, PCAPMIA, DT, DX, VELMIA, MU, TIME, TIMEQUIL 
5 DIMENSION DXMIA(NTOT), VELMIA(NTOT), XMIA(NTOT), XOMIA(NTOT) 
6 OPEN(UNIT=7, FILE='runk. txt) 
7 RHO=1132 
8 PCAPMIA=9600 
9 PORMIA=0.47 
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10 MU=2.16 
11 KMIA=1.2E-12 
12 C...... 
13 DT=I 
14 DX=0.48E-3 
15 ITIM=1 
16 TIME=DT 
17 TIMEQUIL=O. 
18 PMIA=100 
19 C...... 
20 DXMIA(1)=DX 
21 XMIA(1)=DXMIA(1) 
22 10 XOMIA(1)=XMIA(1) 
23 VELMIA(1)=(KMIA/(MU*PORMIA*XMIA(I)))*(PCAPMIA-(RiIO 
24 $ *G*XMIA(1))) 
25 DXMIA(1)=DT*VELMIA(1) 
26 XMIA(1)=DX+DXMIA(1) 
27 ERRMIA=(ABS(XMIA(1)-XOMIA(1)))/XMIA(l) 
28 IF(ERRMIA. GT. 0.001)GO TO 10 
29 XMIA(1)=XMIA(1)-DX 
30 WRITE (7, *)'TIME=', TIME, 'XMIA(ITIM)=', XMIA([TIM) 
31 C...... 
32 20 M=0 
33 IF(PMIA. LT. 1) THEN 
34 TIMEQUIL=TIME 
35 WRITE(7, *)'PMIA REACHED EQUILIBRIUM AT ITIM =', ITIM, TIMEQUIL 
36 GO TO 50 
37 ENDIF 
38 C....... 
39 DT=1 
40 TIME=TIME+DT 
41 ITIM=ITIM+1 
42 IF(M. EQ. O)THEN 
43 XOMIA(ITIM)=XMIA(ITIM-1) 
44 XMIA(ITIM)=XMIA(ITIM-1) 
45 ENDIF 
46 c...... 
47 60 VELMIA(ITIM)=(KMIA/(MU*PORMIA*XMIA(ITIM)))*(PCAPMIA- 
48 $ (RHO*G*XMIA(ITIM))) 
49 DXMIA(ITIM)=DT*VELMIA(ITIM) 
50 ERRMIA=XMIA(ITIM) 
51 XMIA(ITIM)=XOMIA(ITIM)+DXMIA(ITIM) 
52 ERRM[A=(ABS(XMIA(ITIM)-ERRMIA))/XMIA(ITIM) 
53 M=M+1 
54 IF(ERRMIA. GT. 0.001)GO TO 60 
55 K=MOD(ITIM, 500) 
56 IF (K. EQ. 1)THEN 
57 WRITE (7, *)'TIME=', TIME, ' XMIA(ITIM)=', XMIA(ITIM) 
58 WRITE(*, *)ITIM 
59 ENDIF 
60 PMIA=PCAPMIA-(RHO*G*XMIA(ITIM)) 
61 IF(ITIM. GE. 1000000)STOP 
62 GO TO 20 
63 C...... 
64 50 STOP 
65 END PROGRAM YARN 
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APPENDIX II 
PROGRAM FOR THE SIMULATION OF THE CAPILLARY, 
NETWORK DARCY'S FLOW THROUGH A SINGLE LAYER 
OF PLAIN WOVEN FABRIC: MODEL 1 
LIST OF MAIN SYMBOLS' 
COEFA: Axial coefficient used to split the flow between axial and transverse yams. 
COEFT: Transverse coefficient used to split the flow between axial and transverse yams. 
DT: Time step (s). 
DXMIA: Micro-axial length step (m). 
ERRMIA: Estimated relative error. 
G: Constant: acceleration of gravity (m/s2). 
ISPLIT: Index determining the saturation of a junction, 0 for unsaturated and 1 for saturated. 
ITIM: Current number of main iterations. 
KMIA: Axial permeability of the fibre yarn (m2). 
KSPLIT: Number of unsaturated junctions at a given time. 
MU: Viscosity of the infiltrating fluid (Pa s). 
NTOT: Maximum number of main iterations. 
PCAPMIA: Axial micro capillary pressure of the fibre yarn (Pa). 
PI: Greek constant (7t). 
PORMIA: Micro-porosity of the yam. 
QMIT: Flow-rate available for the transverse saturation of a particular junction at a given 
time (m3/s). 
QTOTA: Total flow-rate available for a particular main iteration (m3/s). 
RB: Yam radius (m). 
RHO: Density of the infiltrating fluid (Kg/m3). 
TIME: Current time at a particular main iteration (s). 
1 Also applicable to appendices III and IV 
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VELMIA: Axial velocity of the micro flow-front (m/s). 
XAMAX: Distance between transverse yams in the fabric (m). 
XTMAX: Maximum transverse flow length for a particular junction (m). 
XMIA: Position of the micro flow-front (m). 
XMIT: Position of the transverse flow-front for a particular junction (m). 
YTMAX: Through the thickness distance between axial and transverse yam at junctions (m). 
W: Side of a rectangular cross-sectional area through which flow will occur from axial to 
transverse yams (m). 
PROGRAM LISTING 
1 PROGRAM MODELI_FABRIC 
2 IMPLICIT DOUBLE PRECISION(A-H, O-Z) 
3 PARAMETER(NTOT=100002, G=9.81, PI=3.141592) 
4 REAL KMIA, MU, W, DT, TIME, PMIA, 
5 $ERRMIA, YTMAX, XTMAX, XAMAX 
6 DIMENSION DXMIA(NTOT), VELMIA(NTOT), VELMITX(NTOT), 
7 $VELMITY(NTOT), XMIA(NTOT), X1MIA(NTOT), ISPLIT(NTOT), 
8 $XSPLIT(NTOT), XMIT(NTOT), YMIT(NTOT), QTOT(NTOT), 
9 $QMIA(NTOT), QMIT(NTOT), COEFA(NTOT), COEFT(NTOT) 
10 OPEN(UNIT=4, FILE='const40. txt) 
11 OPEN(UNIT=5, FILE='FILES. txt') 
12 OPEN(UNIT=9, FILE='FILE9. txt) 
13 OPEN(UNIT=60, FILE='FILE60. txt' 
14 C..... PROPERTIES, PARAMETERS 
15 RIIO=1132 
16 PCAPMIA=14032.9 
17 PORMIA=0.384 
18 MU=1.7 
19 KMIA=6.1E-13 
20 DX=0.00048E-3 
21 RB=0.000306 
22 XAMAX=1.53E-3 
23 XTMAX=0.765E-3 
24 YTMAX=2.3E-4 
25 W=1.22E-3 
26 C..... INITIALISATIONS 
27 DT=1. 
28 ITIM=1 
29 TIME=DT 
30 PMIA=100. 
31 KSPLIT=O 
32 I N=o 
33 DXMIA(1)=DX 
34 DO 5 I=1, NTOT 
35 QTOT(I)=0. 
36 QMIA(I)=0. 
37 QMIT(I) 0. 
38 VELMIA(I)=0. 
39 VELMITX(I)=O. 
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40 VELMITY(I)=O. 
41 XMIA(I)=0. 
42 X1MIA(I)=O. 
43 XMIT(I)=O. 
44 YMIT(I)=o. 
45 DXMIA(I)=DX 
46 XSPLIT(I)=0. 
47 ISPLIT(I)=O 
48 COEFA(I)=0.40 
49 COEFT(I)=1-COEFA([) 
50 5 CONTINUE 
51 I=1 
52 WRITE(9, *)' xlmia=', 
53 $' xmia=', ' xsplit=' 
54 C..... FIRST STEP - ONLY AXIAL MICRO/ NOT TRANSVERSE MICRO 
55 XM[A(1)=DXM[A(I) 
56 10 X1MIA(1)=XMIA(1) 
57 VELMIA(1)=(KMIA/(MU*PORMIA*XMIA(1)))*(PCAPM[A (RIIO 
58 $*G*XMIA(1))) 
59 DXMIA(1)=DT*VELMIA(1) 
60 XMIA(I)=DX+DXMIA(1) 
61 ERRMIA=(ABS(XMIA(1)-X1MIA(1)))/XMIA(1) 
62 IF (ERRMIA. GT. 0.001) GO TO 10 
63 XMIA(1)=XMIA(1)-DX 
64 XIM[A(I)=XM[A(1) 
65 XSPLIT(1)=XMIA(1) 
66 QTOT(1)=VELMIA(1)*(PI*RB*RB*PORMIA) 
67 WRITE (4, *)'TIME=', TIME, ' XMIA=', XMIA(ITIM) 
68 $; KSPLIT=', KSPLIT 
69 C...... FOLLOWING STEPS 
70 20 M=0 
71 IF (PM[A. LE. 0.0) GO TO 50 
72 ITIM=ITIM+1 
73 DT=1. 
74 TIME=TIME+DT 
75 IF (M. EQ. 0) TI[EN 
76 XIMIA(ITIM)=XMIA(ITIM-1) 
77 QTOT(ITIM)=QTOT(ITIM-I) 
78 XSPLIT(ITIM)=XSPLIT(ITIM-1) 
79 ENDIF 
80 C..... SPLIT AT FLOW FRONT: YES OR NO ? 
81 IF (XSPLIT(ITIM). GE. XAMAX) THEN 
82 ISPLIT(ITIM)=1 
83 XSPLIT(ITIM)=XSPLIT(ITIM)-XAMAX 
84 WRITE(5, *)'OPENING', I, ITIM, TIME 
85 ENDIF 
86 C..... CHECK I AT THE FLOW FRONT 
87 I=ITIM 
88 60 VELMIA(ITIM)=(KM[A/(MU*PORMIA*XIM[A(ITIM)))*(PCAPMIA- 
89 $(RHO*G*X1MIA(ITIM))) 
90 DXMIA(ITIM)=DT*VELMIA(ITIM) 
91 IF (M. EQ. 0) THEN 
92 ERRMIA=DX 
93 ELSE 
94 ERRMIA=XMIA(ITIM) 
95 ENDIF 
96 XMIA(ITIM)=DXMIA(ITIM) 
97 ERRM[A=(ABS(XMIA(ITIM)-ERRMIA))/XMIA(ITIM) 
98 M=M+1 
99 X1MIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
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100 IF (ERRMIA. GT. 0.001) GO TO 60 
101 PMIA=PCAPMIA-(RIIO*G*XIMIA(ITIM)) 
102 QTOT(ITIM)=VELMIA(ITIM)*PI*RB*RB*PORMIA 
103 IF(QTOT(ITIM). LE. 0) WRITE(*, *)'qtot(itim) <=O', QTOT(ITIM) 
104 KSPLIT=O 
105 C..... CHECK FOR ALL OTHER I's 
106 QTOTA=QTOT(ITIM) 
107 DO 34 I=1, ITIM-1 
108 IF(ISPLIT(I). EQ. 1) THEN 
109 KSPLIT=KSPLIT+1 
110 QTOT(ITIM)=QTOT(ITIM)*COEFA(I) 
111 IF(QTOT(ITIM). LE. 0) WRITE(*, *)'QTOT(ITIM) <= 0', 
112 $ QTOT(ITIM), COEFA(I) 
113 ENDIF 
114 34 CONTINUE 
115 I=ITIM 
116 IF(ISPLIT(ITIM). EQ. 0) THEN 
117 VELMIA(ITIM)=QTOT(ITIM)/(PI*RB*RB*PORMIA) 
118 DXMIA(ITIM)=VELMIA(ITIM)*DT 
119 XMIA(ITIM)=XMIA(ITIM-I)+DXMIA(ITIM) 
120 XSPLIT(ITIM)=XSPLIT(ITIM)+DXMIA(ITIM) 
121 ELSE 
122 QMIA(ITIM)=QTOT(ITIM)*COEFA(ITIM) 
123 QMIT(ITIM)=QTOT(ITIM)*COEFT(ITIM) 
124 C........ AXIAL MICRO FLOW 
125 VELMIA(ITIM)=QMIA(ITIM)/(PI*RB*RB*PORMIA) 
126 DXMIA(ITIM)=VELMIA(ITIM)*DT 
127 XMIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
128 XSPLIT(ITIM)=XSPLIT(ITIM)+DXMIA(ITIM) 
129 QTOT(ITIM)=QMIA(ITIM) 
130 IF(QTOT(ITIM). LT. 0) WRITE(*, *)'qtot(itim)<O' 
131 VELMITY(ITIM)=QMIT(ITIM)/(W*W*PORMIA) 
132 YMIT(ITIM)=YMIT(ITIM)+VELMITY(ITIM)*DT 
133 IF(YMIT(ITIM). GT. YTMAX) TIIEN 
134 C........... TRANSVERSE X MICRO FLOW 
135 VELMITX(ITIM)=QMIT(ITIM)*0.5/(PI*RB*RB*PORMIA) 
136 XMIT(ITIM)=XMIT(ITIM)+VELMITX(ITIM)*DT 
137 WRITE(*, *)'ITIM BEING FILLED' 
138 IF(XMIT(ITIM). GE. XTMAX) THEN 
139 ISPLIT(ITIM)=0 
140 QTOT(ITIM)=QMIA(ITIM)/COEFA(ITIM) 
141 IF(QTOT(ITIM). LT. 0) WRITE(*, *)'QTOT(ITIM)<O' 
142 WRITE(*, *)'ITIM FILLED INSTANTANEOUSLY' 
143 QMIT(ITIM)=0 
144 WRITE(5, *)'CLOSING', I, ITIM, TIME 
145 ENDIF 
146 ENDIF 
147 ENDIF 
148 c .................................. 149 DO 70 I=I, ITIM-I 
150 IF(ISPLIT(I). EQ. 1) THEN 
151 NN=NN+1 
152 IF(NN. EQ. 1)THEN 
153 QMIA(I)=QTOTA*COEFA(I) 
154 QMIT(I)=QTOTA*COEFT(I) 
155 IOLD=I 
156 ELSE 
157 QMIA(I)=QMIA(IOLD)*COEFA(I) 
158 QMIT(I)=QMIA(IOLD)*COEFT(I) 
159 IOLD=1 
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160 ENDIF 
161 IF(YMIT(I). LT. YTMAX) THEN 
162 VELMITY(I)=QMIT(I)/(W*W*PORMIA) 
163 YMIT(I)=YMIT(I)+VELMITY(I)*DT 
164 ELSE 
165 C .............. TRANSVERSE X MICRO 
FLOW 
166 VELMITX(I)=QMIT(I)*0.5/(PI*RB*RB*PORMIA) 
167 XMIT(I)=XMIT(I)+VELMITX(I)*DT 
168 IF(XMIT(I). GE. XTMAX) THEN 
169 ISPLIT(I)=o 
170 QMIT(I)=0 
171 WRITE(5, *)'CLOSING', I, ITIM, TIME 
172 ENDIF 
173 ENDIF 
174 ENDIF 
175 70 CONTINUE 
176 NN=o 
177 IF (ISPLIT(ITIM). EQ. 1) THEN 
178 WRITE(*, *)'split', ITIM, I, TIME 
179 ENDIF 
180 K=MOD(ITIM, 100) 
181 IF(K. EQ. 1) THEN 
182 WRITE (4, *)'TIME=', TIME, ' XMIA=', XMIA(ITIM) 
183 $; ksplit=', KSPLIT 
184 WRITE(9, *) XI MIA(ITIM), 
185 $ XMIA(ITIM), XSPLIT(ITIM), ITIM 
186 ENDIF 
187 IF(ITIM. GT. 249990)THEN 
188 WRITE (4, *)'TIME=', TIME, ' XMIA=, XMIA(ITIM) 
189 $ ,' ksplit=', KSPLIT, rho*g*xmia(itim) 190 ENDIF 
191 IF (ITIM. GE. 100000) STOP 
192 GO TO 20 
193 50 WRITE(4, *)'finished' 
194 STOP 
195 END PROGRAM MODELL FABRIC 
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APPENDIX III 
PROGRAM FOR THE SIMULATION OF THE CAPILLARY, 
NETWORK DARCY'S FLOW THROUGH A SINGLE LAYER 
OF PLAIN WOVEN FABRIC: MODEL 2 
LIST OF MAIN SYMBOLS 
KMIT': Transverse permeability of the fibre yarn (m2). 
PCAPMIT': Transverse micro capillary pressure in fibre yarn (Pa). 
XAVG: Average longitudinal distance between unsaturated junctions and the axial flow 
front (m). 
YAVG: Average position of the transverse flow front of unsaturated junctions (m). 
1 Also used in appendix IV 
PROGRAM LISTING 
PROGRAM MODEL2_FABRIC 
IMPLICIT DOUBLE PRECISION (A-H, O-Z) 
PARAMETER (NTOT=100002, G=9.81, PI=3.141592) 
REAL XMIA(NTOT), X1 MIA(NTOT), DXMIA(NTOT), VELMIA(NTOT), 
$ KMIA, MU, PORMIA, RHO, RB, DT, DX, ERRMIA, XSPLIT, 
$ QTOT(NTOT), TIME, PMIA, PCAPMIA, COEFA(NTOT), 
$ COEFT(NTOT), VELMIA (NTOT), VELMIT(NTOT), QMIT(NTOT), 
$ KMIT, DXMIT(NTOT), XMIT(NTOT), XTMAX, XAMAX 
INTEGER ITIM, I, M, KSPLIT, NTOT, ISPLIT(NTOT) 
OPEN(UNIT=10, FILE='k49. txt') 
OPEN(UNIT=11, FILE='gepk49. txt') 
OPEN(UNIT=12, FILE='cepk49. txt') 
RHO=1132 
PCAPMIA=14032.9 
PCAPMIT=PCAPMIA 
PORMIA=0.384 
MU=1.7 
KM IA= 4.9E-13 
KM IT=KMIA/20. 
DX=0.00048E-3 
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21 RB=0.000306 
22 XAMAX=1.53E-3 
23 XTMAX=7.65E-4 
24 YTMAX=2.3E-4 
25 DT=1. 
26 TIME=DT 
27 ITIM=1 
28 KSPLIT=O 
29 ERRMIA=O 
30 PMIA=100 
31 NN=O 
32 J=O 
33 DO 51=1, NTOT 
34 ISPLIT(I)=0 
35 DXMIT(I)=0 
36 DXMIA(I)=DX 
37 XMIA(I)=O 
38 X1MIA(I)=0 
39 QMIT(I)=0 
40 VELMIA(I)=O 
41 VELMIT(I)=0 
42 COEFT(I)=0 
43 COEFA(I)=0 
44 QTOT(I)=0 
45 5 CONTINUE 
46 C..... FIRST STEP - ONLY AXIAL MICRO/ NOT TRANSVERSE MICRO 
47 XMIA(1)=DXMIA(1) 
48 10 X1MIA(I)=XMIA(1) 
49 VELMIA(1)=(KMIA/(MU*PORMIA*XMIA(1)))*(PCAPMIA-(RIIO 
50 $*G*XMIA(1))) 
51 DXMIA(1)=DT*VELMIA(I) 
52 XMIA(1)=DX+DXMIA(1) 
53 ERRMIA=(ABS(XMIA(l)-XIMIA(I)))/XMIA(1) 
54 IF (ERRMIA. GT. 0.001) GO TO 10 
55 XMIA(1)=XMIA(1)-DX 
56 XIMIA(I)=XMIA(1) 
57 XSPLIT=XMIA(1) 
58 QTOT(1)=VELMIA(1)*(PI*RB*RB*PORMIA) 
59 WRITE (10, *)'TIME=', TIME, ' XMIA-', XMIA(1) 
60 $, ' KSPLIT=', KSPLIT 
61 C...... following steps 
62 20 M=O 
63 IF (PMIA. LT. 10) GO TO 50 
64 ITIM=ITIM+I 
65 DT=1. 
66 TIME=TIME+DT 
67 IF (M. EQ. 0) THEN 
68 XIMIA(ITIM)=XMIA(ITIM-1) 
69 ENDIF 
70 60 VELMIA(ITIM)=(KMIA/(MU*PORMIA*XIMIA(ITIM)))*(PCAPMIA- 
71 $(RHO*G*XIMIA(ITIM))) 
72 DXMIA(ITIM)=DT*VELMIA(ITIM) 
73 IF (M. EQ. 0) THEN 
74 ERRMIA=DX 
75 ELSE 
76 ERRMIA=XMIA(ITIM) 
77 ENDIF 
78 XMIA(ITIM)=DXMIA(ITIM) 
79 ERRMIA=(ABS(XMIA(ITIM)-ERRMIA))/XMIA(ITIM) 
80 M=M+I 
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X1 MIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
IF (ERRMIA. GT. 0.001) GO TO 60 
QTOT(ITIM)=VELMIA(ITIM)*PI *RB *RB *PORM [A 
IF(KSPLIT. GT. O)THEN 
DO I= ITIM, 1, -1 
IF (ISPLIT(I). EQ. 1) THEN 
XSUM=XSUM+XMIA(I) 
YSUM=YSUM+XMIT(I) 
ENDIF 
ENDDO 
XAVG=XSUM/KSPLIT 
YAVG=YSUM/KSPLIT 
XSUM=O 
YSUM=o 
P I. =RHO*G *(XMIA(ITIM-1)-XAVG) 
COEFA(ITIM)=(KMIA*(PCAPMIA-P 1) *(YAVG))/ 
$ ((KMIT*PCAPMIT*(XMIA(ITIM-1)-XAVG))+ 
$ (KMIA*(PCAPMIA-P1)*(YAVG))) 
COEFT(ITIM)=1-COEFA(ITIM) 
IF(COEFA(ITIM). GE. 0.9756. OR. COEFT(ITIM). LE. 0.0244)TH EN 
COEFA(ITIM)=0.9756 
COEFT(ITIM)=1-COEFA(ITI M) 
ENDIF 
IF(COEFA(ITIM). LE. 0.0244. OR. COEFT(ITIM). G E. 0.9756)TH EN 
COEFA(ITIM)=0.0244 
COEFT(ITIM)=1-COEFA(ITIM) 
ENDIF 
VELMIA(ITIM)=QTOT(ITIM)*(COEFA(ITIM)* * KSPLIT)/ 
S (PI*PORMIA*RB**2) 
DXMIA(ITIM)=VELMIA(ITIM)*DT 
XMIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
X1 MIA(ITIM)=XMIA(ITIM) 
XSPLIT=XSPLIT+DXMIA(ITIM) 
IF(XSPLIT. GE. XAMAX)TIIEN 
J=J+1 
WRITE(*, *)'SPLITI', J, ITIM, TIME 
WRITE(11, *)'SPLITI', J, ITIM, TIME 
ISPLIT(ITIM)=1 
KSPLIT=KSPLIT+1 
XSPLIT=XSPLIT-XAMAX 
ENDIF 
DO I= 1, ITIM-1 
IF(ISPLIT(I). EQ. 1)TIIEN 
NN=NN+1 
QMIT(I)=QTOT(ITI M)*COEFT(ITI M)*(COEFA(ITIM)* *(NN-1)) 
VELMIT(I)=QM [T(I)/(PI*PORM IA*RB * *2) 
DXMIT(I)=VELMIT(I)*DT 
XM IT(I)=XMIT(I)+DXM IT(I ) 
IF(XMIT(I). G E. (YTMAX+2 *XTMAX))THEN 
ISPLIT(I)=O 
KSPLIT=KSPLIT-1 
WRITE(11, *)'CLOSED ISPLIT(', I, ')' 
ENDIF 
ENDIF 
ENDDO 
NN=O 
ELSE 
XMIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
XSPLIT=XSPLIT+DXMIA(ITIM) 
IF(XSPLIT. GE. XAMAX)THEN 
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141 J=J+1 
142 WRITE(*, *)'SPLIT2, J, ITIM, TIME 
143 WRITE(I 1, *)'SPLIT2', J, ITIM, TIME 
144 ISPLIT(ITIM)=1 
145 KSPLIT=KSPLIT+1 
146 XSPLIT=XSPLIT-XAMAX 
147 ENDIF 
148 ENDIF 
149 K=MOD(ITIM, 100) 
150 IF(K. EQ. I )THEN 
151 WRITE(11, *)XMIA(ITIM), X1MIA(ITIM), DXMIA(ITIM), 
152 $XSPLIT, ISPLIT(ITIM), KSPLIT 
153 WRITE (10, *)'TIME=', TIME, ' XMIA=', XMIA(ITIM) 
154 $, ' KSPLIT=', KSPLIT 
155 WRITE (12, *)'TIME=', TIME, ' coefa=', COEFA(ITIM) 
156 ENDIF 
157 IF(ITIM. GT. 100000)STOP 
158 GO TO 20 
159 50 WRITE(*, *)'FINISHED' 
160 END PROGRAM MODEL2_FABRIC 
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APPENDIX IV 
PROGRAM FOR THE SIMULATION OF THE CAPILLARY, 
NETWORK DARCY'S FLOW THROUGH A SINGLE LAYER 
OF PLAIN WOVEN FABRIC: MODEL 3 
LIST OF MAIN SYMBOLS 
XX: Longitudinal distance between a particular unsaturated junction and the axial flow 
front (m). 
YY: Position of the transverse flow front of a particular unsaturated junction (m). 
PROGRAM LISTING 
1 PROGRAM MODEL3_FABRIC 
2 IMPLICIT DOUBLE PRECISION(A-H, O-Z) 
3 PARAMETER (NTOT=100002, G=9.81, PI=3.141592) 
4 REAL KMIA, KMIT, MU, W, DT, TIME, PMIA, 
5 $PI, XX, YY, SUM, ERRMIA, YTMAX, XTMAX, XAMAX 
6 DIMENSION DXMIA(NTOT), VELMIA(NTOT), VELMITX(NTOT), 
7 $VELMITY(NTOT), XMIA(NTOT), XIMIA(NTOT), ISPLIT(NTOT), 
8 $XSPLIT(NTOT), XMIT(NTOT), YMIT(NTOT), QTOT(NTOT), 
9 $QMIA(NTOT), QMIT(NTOT), COEFA(NTOT), COEFT(NTOT) 
10 OPEN (UNIT=4, FILE='epoxy2. txt') 
11 OPEN (UNIT=5, FILE='file5. txt') 
12 OPEN (UNIT=9, FILE='file9. txt') 
13 OPEN (UNIT=60, FILE='file60. txt') 
14 C..... PROPERTIES, PARAMETERS 
15 MU=1.70 
16 RHO=1132 
17 RB=0.000306 
18 XAMAX=1.53E-3 
19 XTMAX=0.765E-3 
20 YTMAX=2.3E-4 
21 W=1.22E-3 
22 PORMIA=0.384 
23 PCAPMIA=14032.9 
24 PCAPMIT=PCAPMIA 
25 KMIA=6.1E-13 
26 KMIT=KMIA/20 
27 DX=0.00048E-3 
28 C.... INITIALISATIONS 
29 DT=1. 
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30 ITIM=I 
31 TIME=DT 
32 PMIA=100. 
33 KSPLIT=O 
34 NN=O 
35 J=0 
36 DXMIA(1)=DX 
37 DO 5 I=1, NTOT 
38 QTOT(I)=0. 
39 QMIA(I)=0. 
40 QMIT(I)=O. 
41 VELMIA(I)=0. 
42 VELMITX(I)=0. 
43 VELMITY(I)0. 
44 XMIA(I)=O. 
45 X1MIA(I)=0. 
46 XMIT(I)=O. 
47 YMIT(I)=O. 
48 DXMIA(I)=DX 
49 XSPLIT(I)=0. 
50 ISPLIT(I)=O 
51 COEFA(I)=I. 
52 COEFT(I)=1. 
53 5 CONTINUE 
54 1=1 
55 C..... FIRST STEP - ONLY AXIAL MICRO - NO SPLIT 
56 XMIA(1)=DXMIA(1) 
57 10 X1MIA(I)=XMIA(1) 
58 VELMIA(I)=(KMIA/(MU*PORMIA*XMIA(1)))*(PCAPMIA-(RHO 
59 $*G*XMIA(1))) 
60 DXMIA(1)=DT*VELMIA(1) 
61 XMIA(1)=DX+DXMIA(I) 
62 ERRMIA=(ABS(XMIA(I)-XI MIA(1)))/XMIA(1) 
63 IF (ERRMIA. GT. 0.001) GO TO 10 
64 XMIA(I)=XMIA(1)-DX 
65 XIMIA(1)=XMIA(1) 
66 XSPLIT(I)=XMIA(1) 
67 QTOT(1)=VELMIA(1)*(PI*RB*RB*PORMIA) 
68 WRITE (4, *)'TIME=', TIME, ' XMIA=', XMIA(ITIM) 
69 $; KSPLIT=', KSPLIT 
70 C...... FOLLOWING STEPS 
71 20 M=0 
72 IF (PMIA. LE. 0.0) GO TO 50 
73 ITIM=ITIM+1 
74 DT=1. 
75 TIME=TIME+DT 
76 IF (M. EQ. 0) THEN 
77 X1MIA(ITIM)=XMIA(ITIM-1) 
78 QTOT(ITIM)=QTOT(ITIM-1) 
79 XSPLIT(ITIM)=XSPLIT(ITIM-1) 
80 ENDIF 
81 C..... SPLIT AT FLOW FRONT: YES OR NO ? 
82 IF (XSPLIT(ITIM). GE. XAMAX) THEN 
83 ISPLIT(ITIM)=1 
84 XSPLIT(ITIM)=XSPLIT(ITIM)-XAMAX 
85 WRITE(5, *)'open junction', I, ITIM, TIME 
86 ENDIF 
87 C..... CHECK I AT THE FLOW FRONT 
88 I=ITIM 
89 60 VELMIA(ITIM)=(KMIA/(MU*PORMIA*XIMIA(ITIM)))*(PCAPMIA- 
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90 $(RHO*G*XIMIA(ITIM))) 
91 DXMIA(ITIM)=DT*VELMIA(ITIM) 
92 IF (M. EQ. 0) THEN 
93 ERRMIA=DX 
94 ELSE 
95 ERRMIA=XMIA(ITIM) 
96 ENDIF 
97 XMIA(ITIM)=DXMIA(ITIM) 
98 ERRMIA=(ABS(XMIA(ITIM)-ERRMIA))/XMIA(ITIM) 
99 M=M+1 
100 XIMIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
101 IF (ERRMIA. GT. 0.001) GO TO 60 
102 PMIA=PCAPMIA-(RHO*G*X1MIA(ITIM)) 
103 QTOT(ITIM)=VELMIA(ITIM)*PI*RB*RB*PORMIA 
104 IF(QTOT(ITIM). LE. 0) WRITE(*, *)'qtot(itim) I <=O', gtot(itim) 
105 KSPLIT=O 
106 C..... CHECK FOR ALL OTHER I's 
107 QTOTA=QTOT(ITIM) 
108 DO 341=1, ITIM-1 
109 IF(ISPLIT(I). EQ. 1) THEN 
110 KSPLIT=KSPLIT+1 
111 QTOT(ITIM)=QTOT(ITIM)*COEFA(I) 
112 c write(9, *)'coefal for gtot', coefa(i), itim, i 
113 IF(QTOT(ITIM). LE. 0) WRITE(*, *)'QTOT(ITIM)2 <= 0', 
114 $ QTOT(ITIM), COEFA(I) 
115 ENDIF 
116 34 CONTINUE 
117 I=ITIM 
118 IF(ISPLIT(ITIM). EQ. 0) THEN 
119 VELMIA(ITIM)=QTOT(ITIM)/(PI*RB*RB*PORMIA) 
120 DXMIA(ITIM)=VELMIA(ITIM)*DT 
121 XMIA(ITIM)=XMIA(ITIM-1)+DXMIA(ITIM) 
122 XSPLIT(ITIM)=XSPLIT(ITIM)+DXMIA(ITIM) 
123 ELSE 
124 COEFA(ITIM)=KMIA*PCAPMIA 
125 COEFT(ITIM)=KMIT*PCAPMIT 
126 SUM=COEFA(ITIM)+COEFT(ITIM) 
127 COEFA(ITIM)=COEFA(ITIM)/SUM 
128 COEFT(ITIM)=COEFT(ITIM)/SUM 
129 QMIA(ITIM)=QTOT(ITIM)*COEFA(ITIM) 
130 QMIT(ITIM)=QTOT(ITIM)*COEFT(ITIM) 
131 C........ AXIAL MICRO FLOW 
132 VELMIA(ITIM)=QMIA(ITIM)/(PI*RB*RB*PORMIA) 
133 DXMIA(ITIM)=VELMIA(ITIM)*DT 
134 XMIA(ITIM)=XMIA(ITIM-I)+DXMIA(ITIM) 
135 XSPLIT(ITIM)=XSPLIT(ITIM)+DXMIA(ITIM) 
136 QTOT(ITIM)=QMIA(ITIM) 
137 IF(QTOT(ITIM). LT. 0) WRITE(*, *)'gtot(itim)3<0' 
138 VELMITY(ITIM)=QMIT(ITIM)/(W*W*PORMIA) 
139 YMIT(ITIM)=YMIT(ITIM)+VELMITY(ITIM)*DT 
140 IF(YMIT(ITIM). GT. YTMAX) THEN 
141 C........... TRANSVERSE X MICRO FLOW 
142 VELMITX(ITIM)=QMIT(ITIM)*0.5/(PI*RB*RB*PORMIA) 
143 XMIT(ITIM)=XMIT(ITIM)+VELMITX(ITIM)*DT 
144 WRITE(*, *)'ITIM BEING FILLED' 
145 IF(XMIT(ITIM). GE. XTMAX) THEN 
146 ISPLIT(ITIM)=0 
147 QTOT(ITIM)=QMIA(ITIM)/COEFA(ITIM) 
148 IF(QTOT(ITIM). LT. 0) WRITE(*, *)'qtot(itim)4<0' 
149 WRITE(*, *)'ITIM FILLED INSTANTANEOUSLY' 
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150 QMIT(ITIM)=0 
151 WRITE(5, *)'closed', I, ITIM, TIME 
152 ENDIF 
153 ENDIF 
154 ENDIF 
155 C .................................. 156 DO 70 I=1, ITIM-1 
157 IF(ISPLIT(I). EQ. 1) THEN 
158 NN=NN+1 
159 XX = XMIA(ITIM) - XMIA(I) 
160 YY = YMIT(I)+XMIT(I) 
161 P1=RHO*G*XX 
162 COEFA(I)=KMIA*(PCAPMIA-P1)/XX 
163 COEFT(I)=KMIT*(PCAPMIT)/YY 
164 SUM=COEFA(I)+COEFT(I) 
165 COEFA(I)=COEFA(I)/SUM 
166 COEFT(I)=COEFT(I)/SUM 
167 IF(COEFA(I). GE. 0.9756) THEN 
168 COEFA(I)=0.9756 
169 COEFT(I)=1-COEFA(I) 
170 WRITE(*, *)'WARNING: COEFT2=0', ITIM 
171 ENDIF 
172 IF(COEFT(I). GE. 0.9756) THEN 
173 COEFT(I)-0.9756 
174 COEFA(I)=1-COEFT(I) 
175 WRITE(*, *)'WARNING: COEFA2=0', ITIM 
176 ENDIF 
177 IF(NN. EQ. 1)THEN 
178 QMIA(I)=QTOTA*COEFA(I) 
179 QMIT(I)=QTOTA*COEFT(I) 
180 IOLD=I 
181 ELSE 
182 QMIA(I)=QMIA(IOLD)*COEFA(I) 
183 QMIT(I)=QMIA(IOLD)*COEFT(I) 
184 IOLD=1 
185 ENDIF 
186 C write(60, *)gmia(i), qmit(i), itim, i 
187 IF(YMIT(I). LT. YTMAX) THEN 
188 VELMITY(I)=QMIT(I)/(W*W*PORMIA) 
189 YMIT(I)=YMIT(I)+VELMITY(I)*DT 
190 ELSE 
191 C .............. TRANSVERSE X MICRO FLOW 192 VELMITX(I)=QMIT(I)*0.5/(PI*RB*RB*PORMIA) 
193 XMIT(I)=XMIT(I)+VELMITX(I)*DT 
194 IF(XMIT(I). GE. XTMAX) THEN 
195 ISPLIT(I)=0 
196 QMIT(I)=0 
197 write(5, *)'closed', i, itim, time 
198 ENDIF 
199 ENDIF 
200 ENDIF 
201 70 CONTINUE 
202 NN=O 
203 IF (ISPLIT(ITIM). EQ. 1) THEN 
204 j j+1 
205 WRITE(9, *)'split', j, ITIM, I, TIME 
206 WRITE(*, *)'split', j, ITIM, I, TIME 
207 ENDIF 
208 K=MOD(ITIM, 100) 
209 IF(K. EQ. 1) THEN 
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210 WRITE (4, *)'TIME=', TIME, ' XMIA=', XMIA(ITIM) 
211 $; ksplit=', KSPLIT 
212 ENDIF 
213 IF (ITIM. GE. 100000) STOP 
214 GO TO 20 
215 50 WRITE(4, *)'finished' 
216 STOP 
217 END PROGRAM MODEL3_FABRIC 
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APPENDIX V 
PROGRAM FOR THE MACRO- AND MICRO-INFILTRATION OF AN 
ASSEMBLY OF UNIDIRECTIONAL FIBRE TOWS WITH MACRO- 
CHANNELS BETWEEN THE FIBRE TOWS 
LIST OF MAIN SYMBOLS 
A: Half the width of the macro-channel (m). 
ABUNDLE: Area of a single fibre tow (m2). 
ALPHA: Empirical constant defined at the boundaries of the fibre bundle. 
B: Half the thickness of the macro-channel (m). 
DG: defined as dP/dx (Pa/m). 
DT: Time step (s). 
DXMA: Macro-axial length step (m). 
DXMIA: Micro-axial length step (m). 
G: Constant: acceleration of gravity (m/s2). 
KMIA: Axial permeability of the fibre tow (m2). 
KMIT: Transverse permeability of the fibre tow (m2). 
MU: Viscosity of the infiltrating fluid (Pa. s). 
NTOT: Maximum number of time steps. 
PCAPMA: Axial macro capillary pressure within the macro-channels (Pa). 
PCAPMIA: Axial micro capillary pressure within the fibre tow (Pa). 
PCAPMIT: Transverse micro capillary pressure of the fibre tow (Pa). 
PI: Greek constant (n). 
PINJ: Injection pressure (Pa). 
PL: Local pressure gradient (Pa). 
PORMIA: Micro-porosity of the tow. 
Q: Flow-rate calculated taking into account the partial-slip boundary condition (m3/s). 
QEMPTY: Flow-rate calculated neglecting the partial-slip boundary condition (m3/s). 
QMA: Total macro flow-rate for a given time step (m3/s). 
QMIA: Total micro flow-rate for a given time step (m3/s). 
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QT: Micro flow-rate due to Darcy's Law only (m3/s). 
QTRANSFER: Flow-rate to be transferred from the macro-channels to the fibre tow for a 
given time step (m3/s). 
RB: Half the width of the tow (m). 
REB: Tow equivalent radius (m). 
TIME: Current time (s). 
UT: Velocity of the micro-flow due to Darcy's Law only (m/s). 
VELMA: Axial velocity of the macro flow-front (m/s). 
VELMIA: Axial velocity of the micro flow-front (m/s). 
XMA: Position of the macro flow-front (m). 
XMIA: Position of the micro flow-front (m). 
PROGRAM LISTING 
1 PROGRAM UNIDIRECTIONAL 
2 IMPLICIT DOUBLE PRECISION (A-H, O-Z) 
3 PARAMETER (NTOT=1101, G=9.81, PI=3.14159265) 
4 REAL KMIA, PCAPMIA, PCAPMA, DT, DX, VELMIA, VELMA, 
5 $MU, TIME, PINJ, PORMIA, A, B, DG, RB, ALPHA, KMIT 
6 DIMENSION XMA(NTOT), XMIA(NTOT), XOMA(NTOT), XOMIA(NTOT), 
7 $Q(NTOT), QTRANSFER(NTOT), QMA(NTOT), QMIA(NTOT), QEMPTY(NTOT), 
8 $DXMA(NTOT), DXMIA(NTOT), VELMA(NTOT), VELMIA(NTOT), QT(NTOT) 
9 OPEN (UNIT=7, FILE='unidir. txt') 
10 OPEN (UNIT=9, FILE='velempty6. txt') 
11 OPEN (UNIT=S, FILE='vel6. txt') 
12 OPEN (UNIT=I0, FILE='ubsub6. txt') 
13 PCAPMIA - 4464.12 
14 PCAPMIT = PCAPMIA/2. 
15 PCAPMA = 45.05 
16 PORMIA = 0.671 
17 KMIA = 4.25E-12 
18 KMIT = KMIA/8. 
19 MU= 1.60 
20 A= 1.643E-3 
21 B=0.3387E-3 
22 ABUNDLE=1.40111 E-6 
23 RB = 1.390E-3 
24 REB=0.667E-3 
25 ALPHA = 1.22 
26 DX = 0.0000048 
27 DT=0.001 
28 TIME = DT 
29 C..... 
30 DO 41 ITIM=I, NTOT 
31 XMA(ITIM)=DX 
32 XMIA(ITIM)=DX 
33 Q(ITIM)=O. 
34 QTRANSFER(ITIM)=O. 
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35 QMA(ITIM)=O. 
36 QMIA(ITIM)=0. 
37 QEMPTY(ITIM)=0. 
38 DXMA(ITIM)=DX 
39 DXMIA(ITIM)=DX 
40 VELMA(ITIM)=0. 
41 VELMIA(ITIM)=0. 
42 41 QT(ITIM)=0. 
43 C..... 
44 10 ITIM=1 
45 XOMIA(1)=XMIA(1) 
46 XOMA(1)=XMA(1) 
47 DG=-(-PCAPMA-PINJ)/XMA(1) 
48 CALL VELEMPTY(A, B, DG, MU, QEMPTY(1)) 
49 Q(1)=QEMPTY(1) 
50 PINJ=1263.0 
51 QT(1)=-(KMIA*ABUNDLE)*(-PCAPMIA-PINJ)/ 
52 $(MU*XMIA(1)) 
53 QMIA(1)=QT(1)+QTRANSFER(1) 
54 QMA(1)=Q(1)-QTRANSFER(1) 
55 VELMA(1)=QMA(1)/((2*A*2*B)+((2*RB*2*B)-ABUNDLE)) 
56 VELMIA(1)=QMIA(1)/(PORMIA*ABUNDLE) 
57 DXMIA(1)=DT*VELMIA(1) 
58 DXMA(1)=DT*VELMA(1) 
59 XMIA(1)=DX+DXMIA(1) 
60 XMA(1)=DX+DXMA(1) 
61 ERRMIA=(ABS(XMIA(1)-XOMIA(1)))/XMIA(1) 
62 ERRMA=(ABS(XMA(1)-XOMA(1)))/XMA(1) 
63 ERR=MAX(ERRMIA, ERRMA) 
64 IF(ERR. GT. 0.05)GO TO 10 
65 XMIA(1)=XMIA(1)-DX 
66 XMA(1)=XMA(1)-DX 
67 WRITE(7, *)'TIME=', TIME, ' XMIA(I)=', XMIA(1), 
68 $'XMA(1)=', XMA(I) 
69 TIME=DT 
70 C..... 
71 20 M=0 
72 DT=0.001 
73 IF(TIME. GE. 0.02)DT=0.01 
74 IF(TIME. GE. 0.1)DT=0.1 
75 IF(TIME. GE. 10)DT=0.2 
76 IF(TIME. GE. 100)DT=0.5 
77 IF(TIME. GE. 300)DT=1.0 
78 IF(TIME. GE. 500)DT=5.0 
79 I F(TIM E. GE. 2000)DT=10.0 
80 IF(TIME. G E. 10000)DT=20.0 
81 TIME=TIME+DT 
82 ITIM=ITIM+1 
83 IF(M. EQ. O)THEN 
84 XOMIA(ITIM)=XMIA(ITIM-1) 
85 XOMA(ITIM)=XMA(ITIM-1) 
86 XMIA(ITIM)=XMIA(ITIM-1) 
87 XMA(ITIM)=XMA(ITIM-1) 
88 ENDIF 
89 C...... 
90 60 IF(TIME. GE. 361)THEN 
91 PINJ=40000.0 
92 ELSE 
93 TIME=TIME+6 
94 PINJ=-((2.164E-10)*TIME**6)+((3.092E-7)*TIME**5)-((1.776E-4)* 
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95 $ TIME* *4)+((5.268E-2)*TIME* *3)-((8.653)*TIME* *2)+ 
96 $ ((784.7)*TIME)+5.375E3 
97 TIME=TIME-6 
98 ENDIF 
99 IF(PINJ. LE. 6000.0) PINJ=6000.0 
100 IF(ITIM. EQ. 2)PINJ=6000 
101 IF(TIME. LE. 150) PCMI=PCAPMIT 
102 I F(TIM E. LE. 23 0. AND. TI M E. GT. 15 0)PCM I=(PCA PM IA+PCA PM IT)/2 
103 IF(TIME. GT. 230)PCMI=PCAPMIA 
104 UT=-KMIA*(-PCAPMIA-PINJ)/(MU*PORMIA*XMIA(ITIM)) 
105 DG=-(-PCAPMA-PINJ)/XMA(ITIM) 
106 CALL VEL(A, B, DG, MU, ALPHA, KMIA, UT, Q(ITIM)) 
107 IF(XMA(ITIM). GT. XM IA(ITIM))TH EN 
108 PL=(PINJ+PCAPMA)*(XMA(ITIM)-XMIA(ITIM))/XMA(ITIM) 
109 QTRANSFER(ITIM)=-2*KMIT*(-PCMI-PL)*(XMA(ITIM)- 
110 $ XMIA(ITIM))*PI*(SQRT((A**2+B**2)/2))/(MU*0.5*REB) 
111 ELSE 
112 QTRANSFER(ITIM)=O 
113 WRITE(*, *)'XMA(ITIM) <XMIA(ITIM)' 
114 WRITE (7, *)'TIME=', TIME, ' XMIAQ=', XMIA(ITIM), 
115 $' XMAQ=', XMA(ITIM), ITIM, TIME, DT 
116 STOP 
117 ENDIF 
118 QT(ITIM)=-(KMIA*ABUNDLE)*(-PCAPMIA-PINJ)/ 
119 $(MU*XMIA(ITIM)) 
120 QMIA(ITIM)=QT(ITIM)+QTRANSFER(ITIM) 
121 QMA(ITIM)=Q(ITIM)-QTRANSFER(ITIM) 
122 VELMA(ITIM)=QMA(ITIM)/((2*A*2*B)+((2*RB*2*B)-ABUNDLE)) 
123 VELMIA(ITIM)=QMIA(ITIM)/(PORMIA*ABUNDLE) 
124 DXMIA(ITIM)=DT*VELMIA(ITIM) 
125 DXMA(ITIM)=DT*VELMA(ITIM) 
126 ERRMIA=XMIA(ITIM) 
127 ERRMA=XMA(ITIM) 
128 XMIA(ITIM)=XOMIA(ITIM)+DXMIA(ITIM) 
129 XMA(ITIM)=XOMA(ITIM)+DXMA(ITIM) 
130 ERRMIA=(ABS(XMIA(ITIM)-ERRMIA))/XMIA(ITIM) 
131 ERRMA=(ABS(XMA(ITIM)-ERRMA))/XMA(ITIM) 
132 ERR=MAX(ERRMIA, ERRMA) 
133 M=M+1 
134 IF(ERR. GT. 0.038)GO TO 60 
135 K=MOD(ITIM, 10) 
136 IF(K. EQ. 1) THEN 
137 WRITE (7, *)'TIME=', TIME, ' XMIA(=', XMIA(ITIM), 
138 $' XMAQ=', XMA(ITIM) 
139 WRITE(*, *)ITIM, TIME, PINJ, DT 
140 ENDIF 
141 IF(ITIM. GT. 1100)GO TO 11 
142 GO TO 20 
143 11 STOP 
144 END PROGRAM UNIDIRECTIONAL 
145 C..... 
146 C..... 
147 SUBROUTINE VEL(A, B, DG, MU, ALPHA, KMIA, UT, QQ) 
148 IMPLICIT DOUBLE PRECISION(A-H, O-Z) 
149 REAL, INTENT (IN):: A, B, DG, MU, ALPHA, KMIA 
150 PI = 3.14159265 
151 DY=A/100 
152 DZ=B/100 
153 Y1 =A 
154 Z1=0. 
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155 UBO=0. 
156 CALL UBSUB(A, B, DG, MU, ALPHA, KMIA, ZI, UT, UBO) 
157 c..... 
158 Y1= 0. 
159 DO 50 I=1,100 
160 z1 =o. 161 IF(I. EQ. 1) THEN 
162 Y1=Y1+DY/2 
163 ELSE 
164 Y1=Y1+DY 
165 ENDIF 
166 DO 50 J=1,100 
167 IF(J. EQ. 1) THEN 
168 Z1=z1+DZ/2 
169 ELSE 
170 Z1=Z1+DZ 
171 ENDIF 
172 VI=o. 
173 N=-I 
174 12 N=N+1 
175 BETA=(N+0.5)*PI/B 
176 C1=(4*COS(BETA*B))/(BETA**2) 
177 C2=-(4*SIN(BETA*B))/(B *(BETA* *3)) 
178 C3=(2*UBO*SIN(BETA*B))/(BETA*B*DG*0.5/MU) 
179 CN=C1+C2+C3 
180 HYB=(EXP(BETA*Y1)+EXP(-BETA*Y1))/(EXP(BETA*A)+EXP(-BETA*A)) 
181 VOLD=V1 
182 V1=V1+CN*HYB*(COS(BETA*Z1)) 
183 DIFF=ABS(V 1-VOLD) 
184 IF((DIFF. GT. 1E-12). AND. (N. LT. 100)) GO TO 12 
185 UU=(DG*0.5/MU)*(B**2-Z1 **2+V1) 
186 QQ=QQ+UU*DY*DZ 
187 I F(UU. LE. 0.0)TH EN 
188 WRITE(*, *)'UU < 0' 
189 WRITE(8, *) I, J, UU, DIFF, N 
190 STOP 
191 ENDIF 
192 50 CONTINUE 
193 RETURN 
194 END 
195 C..... 
196 SUBROUTINE VELEMPTY(A, B, DG, MU, QQEMPTY) 
197 IMPLICIT DOUBLE PRECISION(A-11, O-Z) 
198 REAL, INTENT (IN):: A, B, DG, MU 
199 PI = 3.14159265 
200 DY = A/100 
201 DZ=B/100 
202 Y2 = 0. 
203 QQEMPTY = 0. 
204 DO 55 I=1,100 
205 z2 = 0. 
206 IF(I. EQ. 1) THEN 
207 Y2=Y2+DY/2 
208 ELSE 
209 Y2=Y2+DY 
210 ENDIF 
211 DO 55 J=1,100 
212 IF(J. EQ. 1) TIIEN 
213 Z2=Z2+DZ/2 
214 ELSE 
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274 
Z2=Z2+DZ 
ENDIF 
VEMPTY 1=0. 
N=-1 
13 N=N+1 
BETA=(N+0.5)*PI/B 
Cl 1=(32*B* *2)/(PI* *3) 
C22=(-1)* *(N+1) 
C33=COSH(BETA*Y2) 
C44=COS(BETA*Z2) 
C55=(2*N+1)**3 
C66=COSH(BETA*A) 
VOLD=VEMPTYI 
VEMPTY I =VEM PTY 1 +C 11 *C22 *C33 *C44/(C55 *C66) 
DIFF=ABS(VEMPTY I -VOLD) 
IF((DIFF. GT. I E- 13). AND. (N. LT. 100)) GO TO 13 
UUEMPTY=(DG*0.5/MU)*(B * *2-Z2 * *2+VEMPTY 1) 
QQEMPTY=QQEMPTY+UUEMPTY*DY*DZ 
IF(UUEMPTY. LE. 0.0)THEN 
WRITE(*, *)'UEMPTY < 0' 
WRITE(9, *) I, J, UUEMPTY, DIFF, N 
ENDIF 
55 CONTINUE 
END 
C..... 
SUBROUTINE UBSUB(A, B, DG, MU, ALPHA, KMIA, Z3, UT, UB3) 
IMPLICIT DOUBLE PRECISION (A-H, O-Z) 
REAL, INTENT (IN):: A, B, DG, MU, ALPHA, KMIA 
PI = 3.14159265 
V3=0. 
V4=0. 
N=-1 
21 N=N+1 
BETA=(N+0.5)*PI/B 
Cl 1=(4*COS(BETA*B))/(BETA* *2) 
C22=-(4*SIN(BETA*B))/(B*(BETA* *3)) 
C33=BETA*COS(BETA*Z3) *TANH(B ETA *A) 
CNN=(CI I+C22)*C33 
VOLD=V3 
V3 =(-DG * 0.5/NIU) * CNN 
IF(N. EQ. 0) V3=V3+(ALPHA/KMIA**0.5)*UT 
IF(N. NE. 0) V3=V3+VOLD 
Cl I 1=(2*SIN(BETA*B))B 
C222=COS(BETA*Z3) 
C333=TANH(BETA*A) 
CNNN=C1 I1 *C222*C333 
VOLD=V4 
IF(N. EQ. 0) V4=(ALPHA/KMIA**0.5)+CNNN 
IF(N. NE. 0) V4=VOLD+CNNN 
UBOLD=UB3 
UB3=V3N4 
DIFF=ABS(UB3-UBOLD) 
IF((DIFF. GT. IE-14). AND. (N. LT. 10)) GO TO 21 
IF(UB3. LE. 0.0) THEN 
WRITE(*, *)'UB < 0' 
WRITE(10, *) `UB < 0, UB3, V3, V4 
UB3=0 
ENDIF 
RETURN 
END UNIVERSITY OF SURREY LIBRARY 
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